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Abstract 
An enhanced -1800-year record ofrecent volcanic ash-fall events for 
northern New Zealand from the analysis of cryptotephra 
Maria J. Gehrels 
The history of volcanic eruptions in North Island, New Zealand, based on the visible 
stratigraphic record of tephras is not fully representative of the type, frequency and 
magnitude of eruptions that have occurred in the past or that are likely to occur in the 
future, Relatively small-scale eruptions from the region's andesitic volcanoes can produce 
widespread fine tephra falls with considerable impact, such as during recent eruptions of 
Mt Ruapehu ( 1995-1996) and Mt Ngauruhoe ( 1974-1975), and their threat is therefore 
likely to be underestimated. The aim of this study was to develop an enhanced stratigraphic 
record of recent ash-fall events in the Auckland and Waikato regions through the 
application of cryptotephrostratigraphic techniques. Cryptotephras in sediment cores from 
two peat bogs and two lakes were quantified and characterised for the period since 
deposition of the AD 233 ± 13 Taupo Tephra. A complex record of primary and reworked 
rhyolitic and andesitic tephra-fall is revealed. A stratigraphic and geochemical protocol for 
distinguishing primary from likely reworked tephras was developed and enabled the 
identification of ten post-Taupo cryptotephra-fall events. The rhyolitic Okataina Volcanic 
Centre-derived Kaharoa Tephra (AD 1314 ± 12), a key chronostratigraphic marker for 
human settlement in New Zealand, was found in all sites together with four pre-historic Mt 
Ruapehu-derived tephras of the Tufa Trig Formation (Tf4, Tf5, Tf6, and Tfl4). In the 
Waikato Region, an additional Tufa Trig tephra (Tf8) was detected, as well as ash fallout 
from historical eruptions of Mt Ruapehu ( 1861, 1945 and 1996) and Mt Ngauruhoe (1975). 
These findings represent a considerable extension to the known geographical ranges of 
tephra-fall events and demonstrate that cryptotephrostratigraphic techniques can enhance 
the historical and geological record of ash-fall events as a guide to future volcanic hazard 
assessment for countries such as New Zealand. 
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Chapter 1 Introduction 
CHAPTER 1: INTRODUCTION 
1.1 Introduction and rationale 
A considerable part of the North Island of New Zealand is volcanically active. Subduction-
related and intraplate volcanism are manifest across the North Island as a number of active 
and potentially active rhyolitic or andesitic volcanic centres or basaltic volcanic fields. The 
centres include large magnitude rhyolitic caldera-forming volcanoes that include two of the 
most active and highly explosive rhyolitic volcanoes in the world, and numerous very 
frequently active andesitic stratovolcano complexes. Explosive ash-producing (pyroclastic) 
eruption phases from these volcanoes (and from vents of the volcanic fields) have provided 
an extensive legacy of tephra which have mantled contemporaneous surfaces and which 
can be identified as distinct visible layers in many terrestrial sedimentary archives on land 
and in adjacent marine environments (Froggatt & Lowe, 1990; Carter et al., !995; Shane, 
2000; Carter et al., 2003; Lowe et al., 2008b). 
The tephra record has revealed a very detailed history of volcanic activity in North Island 
during the late Cenozoic (Lowe, !988b; Froggatt & Lowe, 1990; Wilson, 1993; Lowe et 
al., !999; Shane, 2000; 2005). The tephras have provided numerous, important 
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stratigraphic markers for dating and correlating sequences representing key periods of 
climatic, environmental and archaeological change in the region (Lowe et al., 2000; 2002; 
Newnham et al., 2003; Lowe & Newnham, 2004; 2008b). These records also form the 
basis for assessing future ash-fall hazards from active and potentially active volcanoes in 
the region. 
However, it is widely acknowledged that the history of volcanic eruptions based on these 
records is not necessarily fully representative of the actual types, frequency and magnitude 
of eruptions that have occurred in the past or that are likely to occur in the future (Lowe & 
Newnham, 1999; Newnham et al., 1999a; 1999b; Wilson et al., 2004). In comparison with 
the well-represented deposits from the large magnitude, millennia! frequency eruptions of 
the rhyolitic volcanoes (Froggatt & Lowe, 1990; Shane, 2000; Lowe et al., 2008b ), tephra 
fall events from the smaller, yet more frequently active, andesitic volcanoes are poorly 
represented. Nevertheless, andesitic eruptions are capable of wide tephra dispersal and 
impact, as revealed by recent eruption events (e.g. Ruapehu 1995-1996 and Ngauruhoe 
1974-1975) (Nairn & Self, 1978; Weinstein & Pate!, 1997; Johnston et al., 2000; Becker et 
al., 200 I). On the other hand, the less frequent but thick deposits of silicic tephra from 
large magnitude rhyolitic eruptions are generally well studied (Lowe, 1988b; Froggatt & 
Lowe, 1990; Shane, 2000) but provide only a limited guide to future volcanic activity on 
timescales of immediate social and economic relevance. 
As a consequence, recent work has placed more emphasis on the study ofthin, medial to 
distally deposited tephra layers in New Zealand to extend the known dispersal of tephra 
layers for stratigraphic applications and to model ash-fall hazards with higher reliability 
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(e.g. Lowe, 1988a; 1988b; Sandiford et al., 2001; Shane & Hoverd, 2002; Shane et al., 
2002; Shane, 2005; Molloy & Shane, 2007). In these studies, peat deposits and lake 
sediments from northern New Zealand in particular have proved to be effective archives 
for preservation of fine tephra deposits including products from andesitic eruptions, 
Significantly, these investigations have revealed a greater range of deposits in distal 
settings than previously recognised and more eruptions than determined from proximal 
deposits alone. 
A small number of studies have attempted to extend studies of fine tephra further through 
the detection and identitication of tephra which may be present in such low concentrations 
in the matrix of sediments so as to be not visible to the naked eye (Hogg, 1979; Lowe et 
al., 1981; Gardner et al., 1985; Eden & Froggatt, 1996; Gehrels et al., 2006). The analysis 
and application of this cryptic tephra (cryptotephra; Lowe & Hunt, 2001) is well 
established throughout Europe (e.g., Hall & Pilcher, 2002; Davies et al., 2002; 2003; 
Davies & Lowe, 2004) and increasingly in other regions of the world (e.g. Russia, 
Wastegard et al., 2000b; New Zealand, Gehrels et al., 2006; Iceland, Kristjansdottir et al., 
2007; Africa, Feakins et al., 2007; Australia, S.E. Davies.et al., 2007; Alaska, Payne et al., 
2008; Canada, Lakeman et al., 2008; Japan, Lim et al., 2008). Cryptotephra can be 
preserved in distal sedimentary archives, including peat bogs, lake, marine and aeolian 
sediments, and' in ice cores (Lowe, 2008). Cryptotephra study is an emerging discipline 
with the potential to revolutionise understanding of sediment chronologies and volcanic 
hazards. This is largely the result of new methods developed to detect and isolate the very 
tine-grained and sparse components of distal tephra and techniques that allow 
characterisation of very small tephra grains (down to -20-40 Jlm in diameter). These 
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advances have made it possible to extend the geographical limits of tephra applications 
well beyond the immediate area around volcanoes by hundreds and sometimes thousands 
of kilometres. For example, the Iceland-derived Vedde Ash has been detected as a 
cryptotephra >3000 km away in the Alps (Blockley et al., 2007). Cryptotephrostratigraphy 
has allowed for wide scale correlations between sites (e.g. Davies et al., 2002; Tumey et 
al., 2004; Davies et al., 2008). In some cases, these distally deposited tephras have 
revealed eruption events that were previously overlooked in sites proximal to volcanic 
source (e.g. Wastegard, 2002; Davies et al., 2003; Chambers et al., 2004; Ranner et al., 
2005; Lim et al., 2008). The detection of very fine grained, distally deposited, tephras has 
also helped to reveal the wider impacts of distal tephra fallout on the environment (Grattan 
et al., 1999; Giles et al., 1999; e:g. Payne & Blackford, 2005) and on human health and 
community infrastructure (Newnham et al., 1999a; Horwell & Baxter, 2006; Molloy & 
Shane, 2007; Payne et al., 2008). 
Although these studies illustrate the considerable capacity of cryptotephra analyses to 
enhance tephrostratigraphic records, they also point to a number of potential problems. It 
has been suggested that cryptotephra are subject to considerable reworking, mixing and 
weathering processes, which could render them of little value for stratigraphic studies 
(Shane, 2000). Preservation problems of cryptotephra, their physical and chemical 
weathering and their taphonomy are now topics of high interest ~Dugmore et al., 1992; 
Tumey & Lowe, 2001; Payne & Blackford, 2004; S.M. Davies et al., 2007; Pyne-
O'Donnell et al., 2008; Matthews, 2008). 
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This investigation concerns the application of cryptotephra analysis at selected sites in the 
Waikato and Auckland regions of northern New Zealand, with records spanning the 
interval since deposition of the AD 233 ± 13 Taupo Tephra (1717 ± 13 cat yr BP, Sparks 
et al., 1995; 2008). Because well-developed tephrostratigraphies, based on visible tephra 
layers, already exist for these regions, this investigation will be able to explore both the 
potential and the problems for using cryptotephra to enhance the existing visible 
tephrostratigraphic framework. The study area includes large centres of population and so 
provides the opportunity to consider implications for contemporary volcanic hazards 
assessment that arise from a tephrostratigraphic record enhanced by cryptotephra analyses. 
The Taupo Tephra provides a baseline readily identifiable at all four sites investigated 
(described below) whilst the overlying sedimentary records span the last ea. 1800, a 
critical period in recent environmental change and archaeology in New Zealand (e.g., 
Lowe et al., 1998; 2008b ). The sedimentary record of the past -1800 years spans an 
interval of most direct relevance for contemporary hazards assessment, incorporating both 
large and small scale eruption events, and enables detailed high-resolution analyses to be 
undertaken with good potential for inter-site replication within the timeframe of this study. 
1.2 Aims, objectives and significance 
The main aim of this study is to develop an enhanced stratigraphic record of recent ash fall 
events in peat bogs and lakes in northern North Island, New Zealand, through the 
application of cryptotephrostratigraphic techniques. To achieve this aim, the following 
objectives are defined: 
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(I) To use cryptotephrostratigraphic techniques to detect, quantify and characterise 
primary tephra-fall events preserved as cryptotephra in sediment cores from peat 
bogs and lakes in the region for the period following deposition of the AD 233 ± 13 
Taupo Tephra. 
(2) To link identified cryptotephras to a volcanic source and if possible to an individual 
eruptive·event and tephra. 
(3) To appratse the depositional sites in tenns of cryptotephra preservation and to 
advance methodologies for distinguishing primary fall tephras from 'background' or 
reworked concentrations of tephra-derived shards. 
(4) To consider the implications of enhanced records of ash fall derived through 
cryptotephra analysis for the assessment of ash-fall hazards to the wider regions of 
Waikato and Auckland. 
Cryptotephrostratigraphy is traditionally applied at sites that are positioned distafly from 
volcanic source. This study is distinctive in that it is concerned with developing, adapting 
and applying cryptotephrostratigraphic techniques at sites which are media//ypositioned in 
relation to volcanic source and hence are likely to detect smaller-scale eruptions and higher 
concentrations of tephra. In addition to enhancing the local tephrostratigraphic records at 
these sites, it is anticipated that the likely greater abundance (concentration) of glass 
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associated with cryptotephras will enable stronger insights into the potential advances as 
well as limitations of this developing method.than might be gleaned from more distal sites. 
There are various potentially significant outcomes from this study including: (I) increasing 
the number of isochronous markers in the tephrostratigraphic records; (2) extending the 
application of key chronostratigraphic marker tephras; (3) providing a more realistic 
appraisal' of ash-fall hazards to include medial/distal hazards posed by small concentrations 
of ash; ( 4) developing the methodological approaches for detecting and analysing 
cryptotephra in volcanic regions. 
1.3 A note on terminology used in this thesis 
The terminology related to tephra studies varies in the literature in :part due to the wide 
range of different research disciplines where tephra are applied, but also between different 
regions and researchers. The terminology used in this thesis follows that recommended by 
Lowe and Hunt (200 I) and Alloway et al. (2007). 
Tephra: the unconsolidated, fragmental material (pyroclasts) erupted explosively from a 
volcano and deposited as airborne fallout or as co-ignimbrite material. The deposits studied 
typically were fine to medium ash (<I mm in size), and mainly glassy or pumiceous 
compositionally. Coarse ash ( 1-2 mm) and fine lapilli (2-4 mm) were present as Taupo 
Tephra. 
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Glass shards or shards: individual fragments of glassy, vitric particles which comprise 
the main component of a medial or distal tephra deposit. This term is used primarily in the 
context of microscopic examination during shard counts and microprobe analysis. 
Cryptotephra or cryptic tephra: tephra-derived glass-shard concentrations which are not 
immediately recognisable in the sediments as a distinct layer and which require separation 
from the sediment matrix to identify definitively, normally through microscopy. 
Cryptotephra are also referred to as microtephra and non-visible tephra in the literature. 
1.4 Thesis structure 
This thesis contains seven chapters in addition to this introductory section. Chapter 2 
provides a short background to the study and reviews key developments and themes of 
relevance. Chapter 3 outlines the methodology used in this study, the rationale for site 
selection and details of laboratory techniques and analyses. Chapters 4 and 5 present 
results from the four sites investigated separated into the two main geographical regions, 
Waikato and Auckland. Chapter 6 includes a detailed synthesis and interpretation of the 
main results and findings from this study. Chapter 7 concludes the thesis with a summary 
ofthe main research findings. 
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CHAPTER2:BACKGROUND 
2.1 Introduction 
This chapter provides a short introduction to the main research field and study region 
discussed in this thesis. lt includes: (I) the terminology and main sub disciplines in tephra 
studies; (2) the general environment of New Zealand and the timing and impact of human 
settlemeill; (3) the regional plate tectonic setting, late Quaternary volcanism and tephra 
layers; and (4) North Island's volcanic activity for the past -2000 years, the time span 
covered in this thesis. More detailed information about relevant tephras is given in the 
chapters of results. 
2.2 Tephra studies: terminology, principles and methods 
For more than half a century tephra layers have been recognised as both highly valuable 
stratigraphic markers for dating and correlating sedimentary sequences in addition to 
providing an important dossier of past volcanic activity (Grange, 1931; Vucetich & Puller, 
1964; Kittleman, 1979; Thorarinsson, 1981 ). 
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Tephra 
The word tephra derives from the Greek word tEcppa, meaning 'ashes'. The first recorded 
use of 'tephra' in the western literature was by Aristotle more than 2000 years ago when 
describing an eruption of Hiera (Vulcano) in the Aeolian or Lipari islands near Sicily 
(Thorarinsson, 1981; Lowe, 2008). The term was resurrected by Sigurdur Thorarinsson in 
the 1940s and is now used as a collective term for all explosively erupted, unconsolidated 
products of a volcanic eruption (including tephra fall deposits, unconsolidated deposits of 
pyroclastic flows and surges, and co-ignimbrite ash/lapilli deposits) (Lowe & Hunt, 200 I). 
Thorarinsson chose the word 'tephra' specifically to tie in linguistically with terms 'lava' 
and 'magma' and with classical Mediterranean volcanology, and to avoid grain size 
connotations. Thus tephra encompasses particles of any size including (I) large blocks 
(angular) and bombs (rounded) >64 mm in diameter; (2) Japilli (singular: lapillus), which 
means "little stones" in Latin, including scoria, pumice, rock fragments and large ccystals 
2-64 mm in diameter; and (3) ash <2 mm (coarse ash is 2-0.5 mm, medium ash 0.5-0.0625 
mm, very fine ash <0.004 mm). Ash is typically composed of vitreous glass fragments, and 
in some cases ash-sized micropumice particles, together with crystals and rock fragments 
depending on proximity to the source volcano (Heiken & Wohletz, 1985). The widespread, 
thinly deposited tephra fall deposits of primary interest in this thesis study typically 
comprise fine to very fine ash which is likely to travel the furthest and be less easily 
observed in the sedimentary record. 
The different sub-disciplines and terms related to tephra studies are summarised in Figure 
2.1. Tephrochronology in its original sense (sensu stricto) is the use of tephra layers as 
isochrons to connect or correlate sequences and to transfer ages to such sequences where 
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the tephras have been dated (AIIoway et al., 2007). In this sense; tephrochronology is a 
linking, dating, and synchronising tool (Lowe, 2008). In contrast, tephrochronometry is the 
dating of a tephra layer either directly or indirectly. In recent times, the tenn 
tephrochronology (sensu lata) has been used more broadly to describe all aspects of tephra 
studies (Shane, 2000; Lowe, 2008). 
Tephostratigraphy and tephrochronology (tephra studies) 
Tephra layers, provide valuable stratigraphic markers for dating and correlating 
sedimentary sequences in addition to providing an important dossier of past volcanic 
activity. As a dating and correlating tool, tephras encompass three special features 
(AIIoway et al., 2006): (I') they are deposited over a very short period of time (days, weeks 
or months at most); (2) they can be widely dispersed; and (3) they can be characterised, or 
'fingerprinted' to link them to a volcanic source or to a specific eruption or deposit. These 
features form the basis of the interlinking disciplines of tephrostratigraphy and 
tephrochronology. 
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Tephrostratigraphy is the study of sequences of tephras and associated deposits and their 
stratigraphic relationships and relative ages. It involves defining, describing and 
characterizing tephra layers using their physical, mineralogical or geochemical properties 
from field and laboratorycbased observations (Fig. 2.1, Lowe, 2008). Several criteria are 
used to characterise tephras and include: (I) stratigraphic position in relation to other 
tephra layers or associated deposits, or relative age; (2) diagnostic physical and 
compositional properties; and (3) numerical age determined from radiometric (e.g. 
radiocarbon dating), incremental (e.g. layer counting), or age-equivalent (e.g. 
paleomagnetism) methods. 
As noted above, tephrochronology (sensu stricto) is the use of individual 'characterised' 
tephra layers as age-equivalent markers or isochrons in the stratigraphic record. Because of 
widespread dispersal, many tephra layers can be used to correlate, link or synchronize 
sequences from a wide range of different sedimentary archives. They can also be used as a 
dating tool when tephras have been independently dated (AIIoway et al., 2007). As a 
chronological tool, some tephra layers have provided almost unrivalled precision amongst 
many other dating methods across a wide range of geological, palaeoenvironmental and 
geoarchaeological applications (Buckland et al., 1981; Einarsson, 1986; Sama-Wojcicki, 
2000; T umey & Lowe, 200 I; A lloway et al., 2006). 
- 13-
Chapter 2 Background 
Cryptotephrostratigraphy and cryptotephrochronology (cryptotephra studies) 
Cryptotephra, from the Greek word kryptein, meaning 'to hide', are the sparse, very fine 
grained components of tephra, typically comprising ash-grade glass-shard concentrations, 
which are 'hidden', i.e. not visible to the naked eye, in distal sedimentary archives such as 
peat bogs, lake, marine and aeolian sediments, and in ice cores (Lowe, 2008). 
'Cryptotephra' is now a well established and recommended term (e.g. Turney et al., 2004) 
in tephm studies and supersedes the term 'microtephra'. Microtephra was one of the 
original terms used to describe 'hidden' tephras (Turney et al., 1997), possibly to convey 
the need for microscopy for detection and analysis. This term is still used by some 
researchers (e.g. Pollard et al., 2006; Feakins et al., 2007). ~!though it can be argued that 
microscopy is necessary to confirm the occurrence of these deposits in a sediment sample, 
once extracted or separated from the enclosing sediments, tephra-derived glass shards may 
be quite visible. Microscopy is used anyway in the study of visible or 'macro' tephras as 
well as cryptotephras. The term 'non-visible' tephra has also been used to describe 
cryptotephra (e.g. Blockley et al., 2007; Matthews, 2008). 
Cryptotephra studies are an emerging and, according to Lowe (2008), revolutionary 
discipline because the development of methods to detect and characterise very small 
concentrations of tephra-derived glass have made it possible to extend tephrochronological 
applications to geographical regions well beyond the volcanic sources, >3000 km in some 
cases. Cryptotephra studies have now been undertaken in more than 24 countries and in 
sediment cores from oceans and from ice cores (Lowe, 2008). Methods to detect, isolate, 
and analyse very fine grained components of tephra (mainly glass shards) from a wide 
range of sediment compositions have been undertaken (e.g., Pilcher& Hall, 1992; Turney, 
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1998; Blockley et al., 2005; Gehrels et al., 2008). Both destructive and non-destructive 
techniques have been developed (e.g., see Gehrels et al., 2006; 2008) and these are 
explored further in this thesis. 
Once isolated, the analysis of glass from cryptotephras to characterise and correlate them 
has been mainly undertaken using the electron microprobe (EMP) for major and some 
minor elements. Originally developed by Smith & Westgate ( 1969), advances in EMP 
were made by Froggatt (1983; 1992) and then by Hunt & Hill (1993; 1996; 2001), with the 
most recent discussion on EMP protocol for tephra analysis being that of Tumey et al. 
(2004). Analysis by EMP is critical to cryptotephra studies because medial and distal 
cryptotephras have no (or very limited) field characteristics, and typically have sparse or 
only limited amounts of crystals (mineral assemblages) that are used to aid identification 
and correlation at more proximal sites (e.g., Froggatt & Lowe, 1990; Lowe, 2008). The 
analysis of glass to obtain trace element or rare-earth element (REE) data on a grain-by-
grain basis has only recently become more readily available after more than a decade in 
development. Techniques include laser ablation, inductively-coupled plasma mass 
spectrometry (LA-lCPMS) (e.g. Westgate et al., 1994; Pearce et al., 1999; Pearce et al., 
2004), and the ion microprobe (secondary ionisation mass spectrometry, SIMS) (e.g., 
Shane et al., 2007; Denton & Pearce, 2008). These methods potentially allow tephras 
which are compositionally similar based on major elements to be distinguished using trace 
elements or REEs (Lowe, 2008). 
Some of the first systematic cryptotephra studies were centred in Scotland and Northern 
Ireland where very fine and sparse deposits of Icelandic-derived volcanic ash were found 
preserved in peat bogs and lakes(Pilcher & Hall, 1992; Dugmore & Newton, 1992; Hall et 
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al., 1993; Dugmore et al., 1995). Since those early studies, there has been a rapid 
expansion in the application of cryptotephra across many other regions (summarised by 
Lowe, 2008). In Europe, cryptotephrostratigraphy has developed rapidly and a 
comprehensive stratigraphic framework of tephra layers from Icelandic, Faroese, Italian 
and German volcanoes across large parts of Europe now enables wide scale correlations 
between sites ~I!>avies et al., 2002; Tumey et al., 2004). Cryptotephra have also been 
identified in North America (Payne & Blackford, 2004; Lakeman et al., 2008); Africa 
(Feakins et al., 2007), Russia (Wastegiird et al., 2000b) and Australia (S.E. Davies et al. 
2007), More recently, cryptotephras have been utilized to enhance and extend regional 
tephrostratigraphic records in volcanic provinces such as Iceland (Kristjansdottir et al., 
2007) Japan (Lim et al., 2007), Alaska (Payne et al., 2008) and New Zealand (Gehrels et 
al., 2006). Recent identification of cryptotephra in polar ice cores (e.g., Davies et al., 2008) 
represent an exciting new development in the field. 
This work illustrates the potential of cryptotephra for extending the role and applications of 
tephra studies generally as well as drawing attention to key methodological issues and 
fundamental assumptions. It is widely assumed for example that a concentrated zone of 
cryptotephra represents the original depositional point in the record and that glass-shard 
geochemistry has not been altered significantly after deposition. Parallel assumptions 
underpin conventional tephra work (on visible layers) as well. However, it is recognised 
that very thin tephras may be more vulnerable to post-depositional movement and/or 
chemical weathering and hence these assumptions may be more challenging for 
cryptotephra (S.E. Davies et al., 2007). 
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In the case of peat 'bogs and lakes, glass shard concentrations representing individual 
cryptotephra have been identified as diffuse or attenuated zones of shards with attendant 
difficulties for defining the original stratigraphic position or isochron represented by the 
tephra (e.g., Gehrels et al., 2006; S.M. Davies et al., 2007; Pyne-O'Donnell et al., 2008). In 
·peat sites, the vertical spread of tephra shards is thought to represent vertical movement of 
tephra in the profile as a result of bioturbation or hydrological effects (Pilcher & Hall, 
1992; Charrnan et al., 1995; Matthews, 2008). Contributions of windcb!own tephras from 
reworked deposits adjacent to the site may also result in persistence of tephra shards in the 
sediments and may have the additional impact of obscuring additional primary fall tephras 
in the sediments (Gehrels et al., 2006). The impact of shard attenuation may be particularly 
pronounced in archaeological sites as a result of human-induced disturbance (Matthews, 
2008). At lake sites, this pattern of shards has been attributed to a range of taphonomic 
and sedimentary processes including bioturbation, and the remobilisation, reworking and 
redeposition of tephra into or within the site (S,M. Davies et al., 2007). 
In some acid peat bogs, the increased surface area of thin tephras may result in the leaching 
of chemical elements over time but it may require several thousand years before the 
correlative potential of thin tephras is affected (Dugmore et al., 1992; De Vleeschouwer et 
al., 2008). Tephra shards with lower silica content (i.e. intermediate and basic 
composition) are .thought to be most vulnerable to these effects (Hodder et al., 1991 ), 
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2.3 Environment of New Zealand 
New Zealand comprises an isolated group of islands in the mid-latitudinal South Pacific 
Ocean spanning 34 to 47 degrees of latitude. The archipelago consists of two main islands, 
the North Island and the South Island, a third island, Stewart Island, and a number of 
smaller islands, The total land area is 268,680 sq km, an area slightly larger than that of the 
United Kingdom. The New Zealand environment has been shaped and modified largely by 
tectonism, climate (including climatic change through the Quaternary), volcanism, and 
very recently by human activities and impacts (Newnham et al., l999b ). The resulting 
landscape is characterised by strong relief marked by diversity, complexity, and 
youthfulness (Soons & Selby, 1992; Molloy & Christie, 1998; Newnham et al., l999b; 
Fitzsimons, 200 I; Leathwick et al., 2003). Volcanic land forms were described by Neall 
(200 I). The remainder of this section briefly outlines the topography, climate, and earliest 
human arrival and impacts in New Zealand, all of which are directly relevant to 
interpretation of the results of this investigation. 
Topography and climate 
The New Zealand islands form a long (~1900 km), narrow, northeast-southwest trending 
archipelago with an often mountainous to hilly terrain. More than 66% of the land is above 
200 m elevation: about 25% is steep to very steep (slopes > 26°), about 20% is hilly 
(slopes 16-25°), and about 55% is flat, undulating, and rolling (slopes 0-15°) (Pal mer et al., 
2009). The South Island and southern North Island have high axial mountain ranges which 
generate strongly differentiated regional climates. Latitudinal variations and topographic 
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controls result in major contrasting and complex climate regimes across the islands ranging 
from subtropical in the north to temperate conditions in the south (N IW A, 2007b ). The 
climate of New Zealand is oceanic with no part of the country more than 130 km from the 
sea. Most areas of New Zealand receive between 600 and 1600 mm of rain throughout the 
year, but extremes range from -16,000 mm pain Westland, South Island, to -160 mm pa 
in eastern rain shadow areas of South Island. Mean annual temperature ranges from -I ooc 
in the south to -I6°C in the north. 
The climate of New Zealand is strongly influenced by the circum-polar westerly winds 
(N IW A, 2007b) (Fig. 2.2). Contemporary prevailing winds have a strong westerly 
component although easterly or north-easterly winds may predominate in some months. 
These strong winds have been an important factor in the variable dispersal of tephras in 
the Quaternary. For example it has been suggested that tephra dispersal patterns indicate 
much stronger westerly winds during glacial phases (Carter et al., 1995; Shane, 2000). 
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Figure 2.2. Generalised wind patterns in the Southern Hemisphere today. New Zealand 
straddles the mid-latitude transition from predominantly circum polar westerly w inds in the 
south to predominantly easterly trade winds to the north. Image from: Mullan et al. (2007). 
Human arrival and impact 
Because of New Zealand's isolated position, it was the last maJor land mass (outside 
Antarctica) to have been settled by people, fi rst by Polynesians and then later by 
Europeans. Tephra records have provided important marker horizons for dating settlement 
history and impacts (Newnham et al., 1998; Lowe et al., 2000; 2002) (Fig. 2.3). The 
earliest settlement by Polynesian sailors (from eastern Polynesia) took place probably c. 
AD 1250-1300 (Newnham et al. , 1998; Hogg et al., 2003). This timing is now supported 
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by a wide range of palaeoenvironrnental data and archaeological evidence (e.g. see 
Wilmsburst et al., 2008). 
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Figure 2.3. Summary of post-AD 200 tephras from the main active volcanic centres, showing 
relationships with archaeological and palynological data for Polynesian settlement. From: 
Lowe (2008a) after Higham et al. (1999) and Lowe & Newnham (2004). Archaeological and rat 
introduction signals show presence versus absence. Deforeststion signals show a model of 
relative changes in tree cover in relation to bracken and charcoal through time as revealed 
from a pollen records in the region. 
Prior to human settlement, most of the forests in New Zealand comprised an evergreen 
mixed conifer-broadleaved rainforest, with two main forest types; conifers (podocarps, 
kauri, cedar) and southern beeches (see Wilmshurst et al. , 2007). Sedimentary records 
reveal widespread burning of these fores ts by early Polynesians settlers (e.g., Wilmshurst, 
1997; McGione & Wilmshurst, 1999; Newnham et al. , 1999b). Pollen records in particular 
show a distinctive signal of sustained rise in bracken (Pteridium) spores and grasses 
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together with a decline in forest taxa coupled with an increase in charcoal (Newnham et 
al., 1998). It is evident that the largely forested landscape (-85% cover) was reduced to 
-55% forest cover prior to European settlement. About one-third of North Island forests 
and about one-half of South Island forests were destroyed (Wilmshurst et al., 2007). 
Primarily as a consequence of deforestation, rates of erosion increased dramatically in 
some areas at least (e.g., Gomez et al., 2007). The Polynesian rat (Ratt11s exulans) was 
also introduced and recent dates on rat bones, and on rat-nibbled seed cases and gnawed 
snail shells, have aligned with the earliest dates for deforestation and for the earliest 
archaeological sites at around AD 1280 (Wilmshurst & Higham, 2004; Wilmshurst et al., 
2008). 
The arrival of European missionaries, sealers and others in the early 1800s, and settlers 
substantially from around 1840 onwards, marked another dramatic change in the New 
Zealand environment. Forest cover was further reduced to -25% of original pre-human 
cover in the next -100 years, an extremely fast rate of deforestation. Wetlands were 
drained leaving tiny remnants. Rates of erosion generally increased tenfold or more (e.g., 
Newnham et al., 1999b ). Much of the New Zealand landscape is now covered in exotic 
grassland which underpins a predominantly agricultural economy. 
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2.4 Plate tectonic setting, volcanism and late Quaternary tephras 
Plate tectonic setting 
The North Island of New Zealand owes its volcanic heritage to a complex and dynamic 
plate tectonic setting (Kamp, 1992; Briggs et al., 2005; Wilson & Leonard, 2008). The 
North and South islands are bisected obliquely by the boundary of the Australian and 
Pacific tectonic plates on the south-western edge of the Pacific 'ring of fire'. On the 
western edge of the South Island, plate margin collision results in the uplift of the Southern 
Alps and a zone of corresponding transcurrent faults, the largest of which is the Alpine 
Fault (Fig. 2.4). To the south, the Australian plate is being subducted beneath the Pacific 
Plate marked by the Puysegur Trough. To the east of the North Island, the Pacific Plate is 
being subducted under the Indian Plate and is marked by a large submarine trench - the 
Hikurangi Trough which is the southern extension of the Tonga-Kermadec trench and arc 
system (Fig. 2.4), 
One of the on-land expressiOns of this current subduction activity and the locus of 
volcanism for the last -2 Ma (Cole, 1990; Wilson et al., 1995) is a 300-km long and 60c 
km wide volcano-tectonic complex across the North Island referred to as the Taupo 
Volcanic Zone (TVZ)J:Houghton et al., I ~95; Price et al., 2005) (Fig. 2.5). This comprises 
a central area containing a number of overlapping rhyolitic calderas lying between areas of 
largely andesitic stratovolcanoes at southwestern and northeastern ends (Fig. 2.5). The 
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rhyolite calderas include the highly active Taupo and Okataina volcanoes, and at least six 
older calderas including Mangakino, Kapenga, Whakamaru, Reporoa, Rotorua, and Maroa. 
Figure 2.4. Plate tectonic setting of New Zealand showing the boundary between the 
Australian and Pacific plates bisecting New Zealand and the submerged continental crust of 
'Zealandia' . Image from: McSaveney & Nathan (2007). 
The TVZ also extends offshore and includes the currently active White Island and 
numerous submarine volcanoes stretching northeastward towards Tonga (Smith et al. , 
2007). Mayor lsland or Tuhua Volcanic Centre is a peralkaline rhyolite caldera volcano in 
western Bay of Plenty. Back-arc extension related basaltic volcanism is also evident across 
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the north western edge of the North Island (Cassidy et al. , 1999), fonning basaltic volcanic 
fields including the most recently active Auckland Volcanic Field (Fig. 2.5). 
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Figure 2.5. The North Island, New Zealand, showing the plate boundary defined by the 
Hikurangi Trough, with relative movement (cm per year), and main tephra-producing 
volcanic centres that have been active in the late Quaternary. TVZ, Taupo Volcanic Zone. W, 
White Island (Whakaari). Image kindly provided by Prof. David Lowe (Lowe et al., 2008a). 
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Late Quaternary tephrostratigraphic records 
Tephrostratigraphic records from the North Island show prolific volcanic activity over the 
last -50;000-60,000 years (Froggatt & Lowe, 1990; Shane, 2000; Lowe et al., 2008b ). In 
this time period there have been >60 rhyolitic tephra eruptions from the caldera volcanoes 
in central TVZ (Fig. 2.6) and numerous eruptions (probably hundreds) from the andesitic 
volcanoes of Tongariro Volcanic Centre and from Egmont Volcano (also known as Mt 
Taranaki) ~Froggatt & Lowe, 1990). Basaltic volcanism has produced a localised record of 
basaltic la vas, scoria cones, tuff rings and tephra layers in the Auckland region (Shane & 
Smith, 2000b). Brief notes on these volcanoes follow. 
Rhyolitic caldera volcanoes 
By far the best recorded eruption events have been those from the large silicic, caldera 
forming volcanoes of the Taupo and Okataina volcanic centres since about 55,000 calendar 
years BP (Fig. 2.6). The widespread tephra fall events from these volcanoes have resulted 
in an exceptional stratigraphic record providing a number of precise age markers for late 
Quaternary studies (Newnham et al., 2003; Lowe et al., 2008b), The offshore peralkaline 
volcano of Mayor Island (Tuhua; Fig. 2.5) has also resulted in at least one large eruption in 
the Mid-Holocene resulting in the widespread Tuhua Tephra (ea. 7000 cal. years BP) 
(Hogg & McCraw, 1983; Manighetti et al., 2003). 
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Figure 2.6. Late Quaternary tephrostratigraphic record from the Okataina and Taupo 
volcanic centres. Image from: Lowe et al. (2006a) after Smith et al. (2005). Vertical scale, age 
in cal. yr BP; horizontal scale, magma volume as dense rock equivalent (km3) . 
Andesitic stratovolcanoes 
Although tephra layers from andesitic and basaltic volcanoes have provided comparatively 
limited value as stratigraphic tools (Shane, 2000) they are becoming increasingly important 
for time periods and sites poorly represented by rhyolitic tephras (Shane & Smith, 2000; 
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Shane, 2005). Detailed tephostratigmphic studies have been undertaken on volcanic ring 
plains (AIIoway et al., 1995; Donoghue et al., 1995b; Cronin et al., 1997; Cronin & Neall, 
1997). Some eruptive events from Egmont and Tongariro volcanic centres have been 
recorded as visible tephra layers 200-300 km from vent in the Waikato, Hawke's Bay and 
Auckland regions (Sandiford et al., 2001; Shane & Hoverd, 2002; Shane, 2005; Molloy & 
Shane, 2007). 
Tongariro Volcanic Centre is a relatively young, active centre consisting of three main 
volcanic edifaces of Mt Ruapehu (2797 m as I), Mt Tongariro ( 1968 m) and Mt Ngauruhoe 
(2287 m) (Fig. 2.5). Strictly, Ngauruhoe is part of the Tongariro massif but it is usually 
given separate volcano status. Activity commenced at these volcanoes -275 ka with 
intervals of more rapid activity (cone growth), which includes the period -25 ka to the 
present day (Hobden et al., 1996). The erupted tephras have been the focus of detailed 
tephrostratigraphic studies of proximal deposits (Donoghue et al., 1995b; Cronin & Neall, 
1997; Hobden et al., 2002). Many of the andesitic tephra formations comprise composite 
units made up of multiple deposits from numerous very small scale eruptions. 
Egmont volcano.(2518 m) is the most westerly volcano on the North Island and is the latest 
of a succession of stratovolcanoes in the area·comprising the Sugar Loaf, Kaitake, Pouakai, 
and Egmont centres. The current edifice has been active since ea. 150-200 ka (AIIoway et 
al., 1995). The general history of Egmont is one of frequent small eruptions interspersed 
with occasional major collapses that generated large volcanic landslides (Neall & Alloway, 
1996). 
- 28-
Chapter 2 Background 
It has been argued that the limited dispersal range of these typically thin andesitic ash-fall 
events (as visible tephra) is partly a result of poor preservation (Donoghue et al., 1997; 
Shane, 2005; Magill et al., 2006a). A general lack of compositional data for proximal 
andesitic tephras and limited age constraints also provide limitations for their application 
tephrochronologically (Shane et al., 2002). It is also the case that andesitic glasses are 
inherently heterogeneous in composition and can be inclusion-rich which presents 
difficulties in establishing a geochemical fingerprint (Piatz et al., 2007). Recent and 
ongoing work has been important in redressing some of these limitations (Cronin et al., 
1996a; 1996b; Shane, 2005; Molloy & Shane, 2007; Donoghue et al., 2007; Platz et al., 
2007; Turner et al., 2008), and is discussed further in subsequent chapters. 
Basaltic volcanoes of" the Auckland Volcanic Field 
The Auckland Volcanic Field (A VF) has been active for c. 200 ka or longer (Marra et al., 
2006), generating small volume phreatomagmatic and magmatic activity. Around 50 
separate basaltic cones or craters have been identified in the field, the result of (mainly) 
monogenetic activity (Cassidy et al., 1999). Tephras from these eruptions are localised. 
Most eruptions are poorly dated (Shane & Smith, 2000a), but magnitude and frequency are 
thought to be sporadic. A number of deep maar lakes occur in the A VF and these have 
preserved very long sediment records including tephra layers from A VF eruptions and 
-------- ---
distal volcanoes of TVZ, Egmont, and Mayor Island (Shane et al., 2002; Pepper et al., 
2004; Molloy & Shane, 2007; Augustinus et al., 2008). 
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2.5 Post -AD 200 volcanic activity and tephras 
The history of known volcanic activity and some related events in North Island since c. 
200 AD are summarised in Fig. 2.7 (from Lowe et al., 2002). The time-scale is divided 
into three main periods: a pre-human (pre-settlement) period from ea. 200 to ea. 1300 AD; 
a Polynesian (prehistoric) period from ea. AD 1300 to 1800; and a European (historic) 
period since ea. AD 1800. The benchmarks at ea. AD 200 and ea. AD 1300 are.defined by 
two widespread rhyolitic tephra marker beds, the Taupo andKaharoa tephras, respectively. 
Single-line isopach.distributions of these two tephras are shown in Fig. 2.8. 
The Taupo Tephra provides a pre-Polynesian benchmark and it has been dated precisely at 
AD 233 ± 13 ( 1717 ± 13 cal. yr BP; Sparks et al., 1995; 2008). Kaharoa Tephra represents 
a critical 'settlement layer' datum in eastern and northern North Island associated with the 
arrival of Polynesians as noted earlier (Newnham et al., 1998; Lowe et al., 1998), and it 
has been dated precisely at AD 1314 ± 12 (636 ± 12 cal yr BP) by dendrochronological 
'wiggle-matching' of a carbonized Phyllocladus tree killed in the eruption (Hogg et al., 
2003). 
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Figure 2.7. Summary of eruptions of North Island volcanic centres, and some other 
events, since ea. AD 200 A, andesitic and basaltic volcanoes; B, rhyolitic 
volcanoes. (From: Lowe et al., 2002, p.130-131). Note that the dates for Taupo and 
Kaharoa are AD 233 ± 13 and AD 1314 ± 12 respectively. 
1Dominant style of eruption: P. flow, pyroclastic flows; P. fall , pyroclastic falls; PEF. post-eruptive flooding. 
Pyroclastic flows at Mt Taranaki were block-and-ash flows. 
2FDS, first (sustained) deforestation signal (inferred to be human-induced). 
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Figure 2.8 Locations of volcanic centres and distribution of selected post-AD -200 tephras 
relevant to dating the region's pre-history. The 5-cm isopach of Taupo deposits is after 
Wi lson & Walker (1985) (see also Wilson & Leonard, 2008), and the 3-cm isopach of 
Kaharoa deposits is after Pullar et al. (1977). From: Lowe et al. (2000). 
Thus six or seven spatially separate volcanic centres or fields have been active in the North 
lsland since ea. AD 200 (Fig. 2.7). The andesitic centres (Taranaki, Tongariro, White 
lsland) have all erupted very frequently; the basaltic Auckland Volcanic Field is 
characterised by a single eruptive episode (Rangitoto Island, ea. AD 1400); and the 
rhyolitic centres (Taupo, Okataina, Tuhua) have each erupted just once or twice. The latest 
eruption from the Okataina Volcanic Centre (the so-called Tarawera eruption of 10 June, 
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1886) was a basaltic rather than rhyolitic event as usually occurs at this centre. The 
uncertain timing of the latest dome-building eruption on Mayor Island/Tuhua precludes it 
from further discussion because it may not have been active during the past -2000 years 
(Fig.2.7). 
In the Tongariro Volcanic Centre, the most recent phase of activity of Mt Ruapehu is 
represented by the Tufa Trig Formation, which consists of 19 defined tephra members 
(Tfl-19) overlying the Taupo Tephra (Donoghue et al., 1995b; 1997; Donoghue & Neall, 
1996). The latest eruptions of Mt Ruapehu (defined as Tf19) were in 1995 and 1996 
(Donoghue et al., 1997). The post-l"aupo eruptions of Ngauruhoe are referred to as the 
Ngauruhoe Formation which comprises multiple, undefined members (Fig. 2.7). The latest 
eruption was in February, 1975 (Nairn & Self, 1978). 
Egmont's most recent definitive eruption was that of Tahurangi Ash dated at about AD 
1755, but there may have been another small eruptive event since then (Lowe et al., 2000; 
2002). Earlier eruptions (each comprising several members recognised within each 
formation) include the Kaupokanui (ea. AD 600), Newall (ea. AD 1500), and Burrell (ea. 
AD 1655}episodes as well as a number of unnamed events (Fig. 2.7} 
White Island is New Zealand's most active volcano, more-or-less constantly venting steam 
and gases, and intermittently forming new vents and producing clouds ofash. Europeans 
first observed the volcano in 1826, and it has probably been active since Polynesian arrival. 
The volcano is 48 km off the Bay of Plenty coast, however, so its effect on the mainland 
has been minor, largely resulting to infrequent dustings of volcanic ash (McSaveney et al., 
2007). 
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The mam types or styles of eruption for each volcanic centre and associated events 
including lahar emplacement and post-eruptive flooding are given in Fig. 2.7. Based on 
these data, the types of volcanic hazards likely to have been experienced or witnessed by 
prehistoric Polynesians (the ancestors of Maori) and early European settlers were 
summarised by Lowe et al. (2002). 
- 35-
Chapter 2 Background 
- 36-
Chapter 3 Methodology 
CHAPTER3:METHODOLOGY 
As outlined in Chapter I, the mam aim of this study was to develop an enhanced 
stratigraphic record of volcanic ash-fall events in northern New Zealand for the last -1800 
years. The approach is to detect and identify fine volcanic ash deposits preserved as 
cryptotephra in sediment cores taken at sites from the Auckland and Waikato regions 
which lie beyond the proximal volcanic zone, thus extending the current known 
depositional range of post-Taupo tephra events beyond their visible occurrence. Of 
particular interest are recent ash-fall events from andesitic volcanoes that are poorly 
represented as visible layers beyond the proximal volcanic zone and ash-fall events with a 
restricted depositional range including the Kaharoa Tephra, an important stratigraphic 
marker tephra for palaeoenvironmental and archaeological research (Newnham et al., 
1998; Lowe et al., 1998). 
The protocol developed in this study for detecting and identifying cryptotephra in selected 
sites and linking them to known eruption events comprises a sequence of steps (Fig. 3.1 ): 
(I) sub-sampling of sediment sequence; (2) extraction of tephra-derived glass shards from 
sediment matrix; (3) microscopic identification and quantification of shard content; (4) 
determination of individual ash-fall events from background glass using the shard 
concentrations, (5) geochemical fingerprinting, and (5) construction of core chronology. 
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Investigations of cryptotephra in distal environments must also consider the possibility that 
cryptotephra layers may have resulted from secondary deposition rather than primary 
airfall (Gehrels et al., 2006; S.M. Davies et al., 2007). Therefore an objective of this study 
was to develop a methodological approach aimed at making this distinction with a greater 
degree of confidence. Trhis approach was based on the following steps: (I) establish a high 
resolution and continuous record of glass shard content to evaluate the spread and 
sedimentological properties of cryptotephra horizons; (2) detailed geochemical 
fingerprinting throughout selected cryptotephra horizons; (3) where possible, replicate 
cores from each site are used to evaluate within-site variability of concentrations and 
temporal spread of tephra. In addition, both peat and lake sites are used to compare these 
two different sedimentary archives in terms of cryptotephra deposition and preservation. 
An additional objective of this study was to consider the implications of an enhanced 
record of volcanic ash-fall events for future assessments of volcanic hazards to the region. 
For this purpose, sites were selected near or within the cities of Auckland and Hamilton 
respectively, the largest and fourth largest population centres in New Zealand. 
Cryptotephras detected in these localities could represent ash-fall events of comparable or 
greater magnitude than the 1995-1996 Ruapehu eruption and therefore would have a 
significant impact today should a further eruption of similar magnitude occur. 
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3.1 Site selection and coring strategy 
The two principal criteria for site selection are: (I) suitable archival sediments to preserve 
fine ash-fall, and (2) preserve continuous sediment accumulation since the Taupo Tephra 
depositional event. In February 2005, after consultation and coring reconnaissance eight 
sediment cores were collected from two raised bog sites (Moanatuatua and Opouatia bogs) 
and one lake site(Lake Rotoroa, Hamilton) in northern New Zealand (Fig. 3.2). Two cores 
were also provided from a lake site (Lake Pupuke) in Auckland. A summary of the core 
stratigraphies are shown in Figure 3.3. Details of each site and cores collected are provided 
in the results chapters (Chapters 4 and 5). 
- 39-
Chapter 3 
Field 
extraction/separation 
of tephra derived glass shards 
microscopy to identify and quantify 
glass shard content 
geochemical characterisation 
of crypto-tephra horizons 
Methodology 
dating methods 
correlate 
crypto-tephra horizons to 
source and/or eruption event 
Figure 3.1. Sequence of methods used to detect and identify cryptotephra in sediment cores 
The peat bog and lake sites selected are located beyond the proximal zone of recent ash-
fall from andesitic cone volcanoes and beyond the recorded visible limits of the Kaharoa 
Tephra (Hogg et al. 2003; Fig. 3.2). Both peat and lake sites are well established as 
effective archives for the preservation and detection of fine ash-fall. All sites were known 
to contain well-preserved sediments representing at least the last few thousand years of 
sediment accumulation and are therefore suitable as recorders of ash-fall events over this 
time period. 
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Multiple cores were collected from each site (Fig. 3.3), each marked at the base by the 
visible Taupo Tephra ( 1717 ± 13 cal. yr BP 1, Lowe et al., 2008; Sparks et al., 2008; Fig. 
3.3) and in most cases extend up to the modem surface and incorporate modem sediments. 
In the peat sequence from Opuatia Bog the Taupo Tephra is represented by pumice 
alluvium derived from the Taupo eruption and subsequently presumed deposited by the 
ancestral Waikato River very shortly after the eruption. With the exception of Lake 
Pupuke, which also contained an additional locally-derived basaltic tephra (Rangitoto 
Tephra, ea. AD 1400; Lowe et al. 2000; Horrocks et al. 2005; Fig. 3.3), none of the cores 
contained any additional visible (macroscopic) post-Taupo tephras. 
The collection of multiple cores from each site provides the means to assess intra-site 
variability and reproducibility of the cryptotephra record at each site. In particular, intra-
site variability is used as a means to differentiate between depositional and site-dependent 
processes affecting the preservation of cryptotephra, thus addressing the second aim of this 
study. Two sites, Moanatuatua and Lake Rotoroa, are in close proximity ( ~ 15 km apart) 
and provide a basis for comparing the cryptotephra records in a bog compared to a lake. 
Collectively, the samples sites fonn a rough transect between Auckland and the volcanoes 
in the central North Island and Mt Taranaki which have been active in the Late Holocene 
(Shane, 2000) (Fig. 3.2). This spatial distribution is used to construct isopach maps of ash-
fall events from various sources for considering distribution and potential impact of future 
1 All ages ea) yr BP referred to in this thesis .refer to calibrated years before AD 1950 
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ash-fall events. In addition, the two lake sites occur today within the urban environment of 
the two largest cities in northern New Zealand, Auckland (pop. 1.3 million) and Hamilton 
{130;000; 2006 census: http://www.stats.govt.nz/census/default.htm). As stated previously, 
a more complete record of ash fall from these sites is important for reassessing volcanic 
hazards to these regions. 
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Figure 3.2. Location of core sites in the North Island New Zealand, in relation to Hamilton 
and Auckland and volcanic centres which have been active in the Late Holocene. Dashed 
red line shows the limit of the Kaharoa Tephra recorded as a distinct visible tephra horizon. 
H, Haroharo volcano; TR, Tarawera volcano; Tg, Mt. Tongariro; N, Ngauruhoe; R, Mt. 
Ruapehu; Tn, Mt. Taranaki. 
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3.2 Sediment description: lithology and sedimentology 
Following collection, the peat and lake sediment cores were described in detail. The keys 
to the sediment logs described in this study are shown for the individual sites in the results 
sections (Chapters 4 and 5) and reflect the unique nature of each site. These descriptions 
provided crucial infom1ation for interpreting the resulting tephra content, specifically in 
terms of changes in sedimentation processes and rates and inter and intra site disturbance 
which could have resulted in the addition of reworked tephra-derived shards. In addition, 
detailed sediment logs helped in relocating levels in the cores for re-sampling for 
additional cryptotephra analyses, particularly in the case of core shrinkage due to de-
watering following core retrieval. A measurement of organic content, using loss-on-
ignition (LOI), also provided an important guide to changing .lithology and, in peat 
samples, to possible cryptotephra horizons (Gehrels et al. 2008). 
Unlike Sphagnum peats, restiad peats are conventionally described based on the visual 
examination of identifiable components, e.g. plant remains, charcoal layers and wood, and 
peat texture following Clarkson (2004), Campbell ( 1975) and Lowe ( 1'988b ). The texture 
of the peat was defined primarily by the degree of humification; a measure of plant 
decomposition (Blackford & Chambers, 1993). Humification was assessed using simple 
field techniques (von Post scale) to observe the colour of interstitial water from the peat 
and' texture of wet peat between fingertips (dark fluid and smooth texture= well humified; 
light or clear fluid and rough texture = poorly humified). Two broad categories of peat 
were recognized for the sections collected in this study: (I) well to moderately well 
humified peat, comprising a dense and compact peat with no discernable plant remains and 
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generally dark in colour; and (2) poorly to very poorlyhumified peat with a porous texture 
and comprising distinguishable, poorly decomposed plant material and roots. Additional 
levels included the upper, aerated acrotelm layer of the peat. 
The lithostratigraphy ofthe lake cores was described using the conventional Troels-Smith 
( 1955) classification scheme for unconsolidated sediments. The Munsell colour chart was 
used to characterize the colour of the sediments. As with peat sections, additional 
identificable components, e.g. charcoal layers and plant remains, were also noted. 
3.3 Determining cryptotephra content 
"(;he conventional method of extraction for microscopy was used to determine a continuous 
and high resolution account of the tephra-derived glass shards in sediment profiles 
collected (Pilcher & Hall, 1992; TEPHRA TRACE, 2002). As discussed in the following 
sections, this involves a three stage process: (l) sampling, (2) extraction of glass shards 
from sediment matrix, and (3) microscopy to identify and quantify glass shard content. 
This approach provides a reliable quantitative measure of glass concentrations to assist 
with the differentiation of primary fall tephras from secondary sources ('background') and 
to assess the nature and extent to which taphonomic processes have affected the 
stratigraphic integrity of the deposits (Gehrels et al., 2008). A summary of procedures used 
to extract glass shards from peat and lake samples for microscopy as well as for 
geochemical analysis is provided in Figure 3.4. 
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3.3.1 Sampling considerations 
The conventional method of extraction for mtcroscopy, where applied in very distal 
settings, traditionally follows an iterative sampling strategy process to narrow down areas 
of the core likely to contain tephra (Hall & Pitcher, 2002). In this study, however, it was 
anticipated that given the proximity of the sites to primary and secondary sources of 
tephra, a high-resolution sampling strategy would be necessary from the outset (Gehrels et 
al., 2006). As with the majority of cryptotephra studies the sampling strategy was designed 
to establish a continuous record of tephra-derived glass in the sediment sequences. 
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3.3.2 Peat sites: sampling and extraction 
The procedure used for extracting tephra-derived glass shard content from peat samples 
used in this study follows the ashing method described by Pilcher and Hall ( 1992) 
(demonstrated in the online workshop TEPHRABASE (2002). In this study modifications 
are made to this method for fibrous restiad peats (Gehrels et al., 2008; enclosed in this 
thesis). This method involves the combustion of organic material in a high temperature 
furnace to liberate any inorganic material for microscopic examination to identify and 
quantify glass shard content. This is considered to be the quickest, simplest and most 
economical method to remove organic material from a variety of organic rich samples; but 
has the disadvantage of potentially altering the geochemical composition of the glass 
shards (Dugmore et al., 1992). Ashing is therefore unsuitable for samples destined to be 
used for geochemical characterization (see section 3.3). Whilst this method is suitable for a 
range of organic-rich sediments, it was not used for the lake samples used in this study for 
reasons discussed later. 
Although the majority of peat sequences are composed almost entirely of organic material, 
in some cases additional inorganic components are also present, e.g. plant phytoliths and 
minerogenic particles. In high concentrations these may prove problematic for the 
microscopic examination of glass grains by obscuring the microscope slide or glass. 
Minerogenic particles can be particularly abundant in peat sections representing the last 
few centuries as a result of intensifying agricultural activities (Pile her and Hall, 1992). 
Plant phytoliths are recognised as being particularly problematic in restiad peats because 
they form in the stems of the restiad species (Dugmore et al., 1992; Meney & Pate, 1999; 
Ballinger, 2003). In some cases they can look very similar to glass shards which can be 
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problematic if the latter are small and lack distinct morphology (Hall & Pilcher, 2002). In 
such cases the samples were treated as with lake sediment samples using additional 
chemical methods and sieving (Fig. 3.4.; section 3.2.3.) to further concentrate glass 
content. 
A I cm to 2 cm-thick contiguous sampling strategy was employed for all peat sequences 
from just above the visible Taupo Tephra up to the top of the core (modern land surface in 
most cases). A I cm-resolution sampling strategy was used on targeted areas of cores 
where a more detailed measure of shard content was required, i.e. around identified 
cryptotephra horizons. For each sample, approximately I g of wet peat was extracted from 
a cleaned surface using a sharp blade. This was particularly important for very fibrous, 
poorly-humified sections of the peat sequences. Samples were collected by weight rather 
than by volume as part of the method employed in this study to quantify tephra-shard 
content (section 3.2.4). 
The samples were placed into pre-weighed, numbered, furnace proof, nickel crucibles and 
oven dried at -90°C overnight. This was to obtain oven-dry weight, required to calculate 
the concentration of glass shards per unit weight of the sample. In preparation for 
combustion, the oven-dry samples were crushed gently in crucibles using a plastic pestle to 
ensure a thorough bum. Crucibles were covered (to avoid any cross-contamination or to 
prevent debris from entering sample) and burnt in a high temperature furnace at 550°C for 
4-6 hours: This is slightly longer than used conventionally on Sphagnum peals in European 
cryptotephra studies (Hall & Pilcher, 2002) because of the very fibrous nature of the New 
Zealand peat, which can also contain thick roots and stems (Gehrels et al .. 2006, 2008). 
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Upon cooling, samples were reweighed so that loss-on-ignition (LOI) may be calculated. 
LOI is an effective measure of organic content which is useful for assessing 
sedimentological changes in a sequence (Aaby & Berglund, 1986; Barber, 1993; Blackford 
& Chambers, 1993 ). In particular, LOI measurements have proved a useful guide to 
locating concentrations of glass in some highly organic sequences such as those from 
raised bogs (Gehrels et al., 2008) . These measurements are also easy to obtain as part of 
ashing/combustion procedure. 
The remmmng inorganic component was washed into correspondingly numbered glass 
beakers with I 0% hydrochloric acid (HCI). This ensured that the entire sample was 
removed from the crucible. The HCI also helped to dissolve remaining ash particulates and 
soluble inorganics in the sample when gently heated on a hotplate for approximately I hour 
or until particulates had noticeably dissolved (Pilcher & Hall, 1992; Gehrels et al., 2008). 
The remaining clean solution was then diluted with distilled water and left to settle. 
Once remaining particulates had settled it was easy to see the sample though the glass 
beaker and to decide if further cleaning procedures were necessary. Where problematic 
samples were encountered, subsamples were mounted onto glass slides with water and 
viewed under the microscope to identify the nature of the substance and to select the 
appropriate cleaning method Wig. 3.4). 
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3.3.3 Lake sites: sampling and extraction 
Unlike peats, which have a sediment matrix that is almost exclusively orgamc, lake 
sediments are inherently heterogeneous in composition and require a more complex 
approach to liberate glass shards (Turney, 1998; Blockley et al., 2005; Davies et al., 2005). 
The approach found to be most effective for glass recovery from lake sequences used in 
this study involved the sequential removal of the main non-tephric components of 
sediments including (I) organic material, (2) biogenic silica and (3) minerogenic particles 
above and below the size range of the majority of glass shards. Density separation 
technique (e.g. Turney, 1998) did not prove suitable for the recovery of glass shards with 
intermediate and basic chemistries (Mackie et al., 2002) present in the sequences, and as a 
result was used only in a limited way on a few samples following procedures described by 
Blockley et al. (2005). The sequence of methods used for preparing lake sediment samples 
for microscopy is summarized in Figure 3.4. 
Sampling 
Wet samples were extracted from a cleaned surface of lake sediment from contiguous 
levels at 0.5-1 cm resolution using clean blades. This higher resolution sampling strategy 
compared to that used for the peat sequences helped compensate for the slower 
accumulation rates of lake sediments in this study so that samples representing comparable 
time slices were obtained. Samples were oven dried as with peat samples to obtain dry 
weight needed for determining glass shard concentrations through the profiles. 
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Removal of organic material 
The removal of organic material from the samples followed the method described by 
Bennett et al. (1992) (cited in Rose et al., 1996) of chemical digestion with hydrogen 
peroxide (H20 2). This method is commonly used for samples with a low to moderate 
organic composition for microfossil analysis because it does not affect the biogenic or 
siliceous components. It was found to be an effective replacement of the ashing method for 
samples containing large concentrations of biogenic silica which hardened on combustion 
and made remaining samples difficult to disaggregate for further processing. The use of 
H202 is also unlikely to compromise geochemical composition of shards and means that 
when necessary samples can be reused for geochemical analysis. 
Laboratory grade H20 2 (30%) was added to glass beakers containing the dried samples and 
left overnight at room temperature. More H202 was added to the samples which were 
heated in water bath 80-90° C for 3 hours. Regular checks were made to ensure samples 
did not dry out. Samples were then washed thoroughly with distilled water and 
concentrated into centrifuge tubes before proceeding to the next stage, that of removing 
biogenic silica. 
Some samples provided for this study (Lake Pupuke, core P8_06; Fig. 3.3) had been 
previously combusted for losscon"ignition measurements as part of another study. This 
made effective use of the limited material in the core. The combustion process did, 
however, result in very dry compacted sediment samples. To disaggregate samples; they 
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were soaked in Calgon (sodium hexametaphosphate) for several hours and placed in an 
ultrasonic bath for 20 minutes before the next stage, 
Removal of problematic biogenic silica 
Both lake sequences of lake sediments used in this study (Pupuke and Rotoroa) contained 
large components of biogenic silica in the form of diatom frustules and sponge spicules. 
The high concentrations of these particles in the sediment samples obscured glass content 
at times, making microscopy problematic. Biogenic silica is, however, easily removed 
using the chemical procedure described by Rose et al. ( 1996), involving strong alkaline 
solution which dissolves biogenic silica without affecting minerogenic or siliceous 
particles (Fig. 3.4). 
A 5 ml solution of0.3M (molar) laboratory grade sodium hydroxide (NaOH) was added to 
the cleaned-and-concentrated samples in. centrifuge tubes. The sample tubes were heated in 
a water bath at 80-90° C for three to four hours. This period of heating is considered 
sufficient in order to dissolve most silica in the sample without damaging or dissolving 
glass shards (Dugmore et al., 1995; Rose et al., 1996). This method also proved quite 
effective for dissolving plant phytoliths in peat samples (Dugmore et al., 1995; Gehrels et 
al., 2008). 
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Removal of minewgenic particles 
Wet sieving was the most effective method for separating glass shards from most of the 
mineral particles remaining in the lake sediment samples (and any remaining fine 
particulates). Sieving thus replaced the use of heavy liquids (Dugmore et al., 1995; Tumey, 
1998; Blockley et al., 2005) which, as discussed above, was unsuitable for the range of 
glass compositions in the samples and was time consuming given the relatively small 
component of minerogenic material in the samples. Wet sieving concentrated glass shard 
content by removing particles greater or lesser in size than the majority of glass shards 
observed in the lake sediments. 
In preparation for sieving, samples were placed in glass beakers, diluted in distilled water 
and placed in an ultrasonic bath for -20 minutes to fully disaggregate making sieving 
quicker and more efficient. In some cases (in conjunction with the ultrasonic treatment) 
Calgon was used to disaggregate stubborn samples. While still in suspension, samples were 
passed through 63 J.UTI and 25 J.lm mesh micro-sieves with water, the retained sample 
containing the majority of glass shards on the 25 1-1m sieve. In general this sieving resulted 
in very clean samples that needed no further cleaning. 
3.3.4 Microscopy and quantifying glass shard content 
Remaining samples were examined by microscopy to identify and quantify glass shard 
content following the method described in Gehrels et al. (2006). This method, adapted 
from palynology (Maher, 1981 ), uses a spike containing a known concentration of the 
exotic marker spore Lycopodium to each sample to derive a semi-quantitative measure of 
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glass shard content without having to count all glass particles on the slide (see Maher, 
1981, for a discussion on the statistics involved in the use of exotic markers). The spike 
contains a known number of spores which are counted alongside glass shards per field of 
view under the microscope and a 'concentration' of shards (in relation to number of spores 
counted) is derived. This is particularly useful for the analysis of sequences containing 
relatively large concentrations of glass shards or where long sequences are being analysed 
which contained abundant tephra layers or glass concentrations (Gehrels et al., 2006; 
Payne et al., 2008). The resulting shard concentrations provide a starting point for 
distinguishing primary fall deposits from the background levels derived from post-
depositional or secondary processes based on the pattern and concentration of shards in the 
sediment sequence. 
The Lycopodium spike was added to cleaned samples prior to undertaking the microscopy 
(Stockmarr, 1971 ). One tablet ( 18,583 spores ± 2.1 %, batch # 483216) was added to each 
cleaned sample concentrate and dissolved in I 0% HCI to release spores from their coating 
(samples were washed twice using distilled water to remove remaining HCI before 
mounting on to slides). lt was important that the tablet was fully dissolved and the sample 
well mixed in a vortex mixer to distribute the spores evenly and to ensure that the 
subsample being counted is representative of the whole saniple. 
Slidepreparation 
Using a micropipette, 0.5 ml of the well-mixed spiked supematant was transferred on to 
glass cover slips, air dried and mounted onto glass micro slides using Hystomount. 
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Hystomount (from Hughs and Hughs, Somerset, UK) is an improved synthetic (polymer) 
mounting medium for biological slides. It is solvent based with a neutral pH and provides a 
fast drying, permanent setting. In preference to other mounting media ~Ballinger, 2003), 
Hystomount was found to give better visual clarity for examining glass shards under the 
microscope. Only a few drops of the mountant were added to the centre of the glass 
microscope slide. The cover slips were placed, dried material downwards, over the 
Hystomount, and pushed down gently to produce an even spread across the sample. 
However, once mounted, slides are suitable for counting only for a few months before the 
Lycopodium spores.start to deteriorate and become difficult to identify. 
Microscopy 
Slides were examined at 400x magnification under polarised light using a Zeiss Standard 
25 binocular microscope viewed under crossed polarisers. Tephra"derived glass shards 
were identified by shard form, vesicularity, colour and isotropy under crossed polars 
Wisher, l 96 l; Kittleman, l 979; Ballinger, 2003). lt was also possible to tentatively 
distinguish between andesitic and rhyolitic shards primarily on the basis of colour. 
Rhyolitic shards were colourless (Fig. 3.5a) with few if any microlites (small crystals) and 
with a distinct bubble wall or pumiceous form. Andesitic shards (Fig. 3.5b) on the other 
hand were orange-brown to dark brown in colour, blocky in form and contained abundant 
micro lites (Cronin et a/,, l 996a; l 996b; Shane, 2005). At the Auckland site, basaltic 
shards (Fig. 3.5c) were also present in the cores; these were dark brown and blocky with 
abundant microlites. The basaltic shards were similar in appearance to andesitic shards 
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where populations where mixed and it was difficult to differentiate between them 
conclusively under microscopic examination. 
Clear (rhyolitic) and brown (andesitic or basaltic) shards > -25 11m in diameter were 
identified and counted separately alongside Lycopodium spores along transects across the 
slide. At least four transects or up to 400 spores were counted alongside the glass shards to 
determine shard concentrations from original dry weight of sample (shards per mg dry 
weight) (Gehrels et al., 2006). Although some ferromagnesian minerals (crystals) were 
seen in some samples, which may have been associated with the tephra fall events these 
were.not identified as part of this study. 
Glass shard concentrations (c) are expressed as shards per mg dry weight usmg the 
formula: 
a 
c=lx-
bd 
where a = glass shard count; b = Lycopodium spore count; d = sample oven dry weight in 
milligrams; and I= number of Lycopodium spores in a tablet. 
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a. 
b 
- Lycopodium spore 
Figure 3.5. Photomicrographs of characteristic glass shards encountered in the peat and 
lake sediment sequences: (a) large, clear rhyolitic shards (core MR2, 142 cm, Taupo 
Tephra); (b) microlite-rich andesitic shards (PupS, 52 cm). (c) Dark brown basaltic shards 
(Rangitoto Tephra) with large crystal inclusions, amongst associated ferromagnesian 
minerals (PupS 24 cm). Scale bar bottom right of images represents 50 (Jm. 
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3.4 Geochemical characterisation 
The major element compositions of glass shards were used to identify and correlate 
cryptotephras identified within the peat and lake sediment sequences. The compositions 
were determined using single grain analysis by wavelength-dispersive electron microprobe 
analysis (W-B EMPA) carried out at the NERC funded Tephrochronology Analytical Unit 
based at the l:Jniversity of Edinburgh during two separate, week-long visits. The main aim 
of this analysis was to determine if glass shard populations were sufficiently homogenous 
geochemically to confirm their origin from a single eruptive event and, if so, if analyses 
could be matched geochemically to those of the established tephrostratigraphic record in 
the region (e,g. Shane & Smith, 2000a; Shane & Hoverd, 2002; Shane, 2005; Smith et al., 
2005; Gehrels et al., 2006; Alloway et al., 2007). Analyses were conducted and presented 
in accordance with recommendations by Froggatt ( 1992) and Pearce eta/. (2008). Detailed 
below are the procedures for selecting stratigraphic positions of cryptotephra analysis, 
sample and slide preparation and analytical conditions and measures, 
3.4. 1 Identifying cryptotephra levels for analysis 
Geochemical characterisation of tephra is. an expensive and time-consuming process. It 
would have been preferable to analyse glass shards continuously through the sedimentary 
record in order to maximise information about provenance and taphonomy. In practice, this 
level of detail is rarely justified therefore investigations such as this focus on key criteria 
and selected horizons within the stratigraphic sequences. 
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Figure 3.6. A conceptual model of the criteria used to select samples for EMPA from two 
cores based on glass shard concentrations. Grey line delineates arbitrary threshold for 
background shard concentrations where content constitutes less than 10% of total shards 
in a sequence (minus components from visible tephras). See text for definition of defining 
criteria. 
The cryptotephra sampling levels for EMPA were selected using the shard concentrations 
determined for each sequence based on four defining criteria (Fig. 3.6). These were 
particularly important in sequences where individual cryptotephra ' horizons' were difficult 
to define. In such cases, levels for sampling were identified throughout sections marked by 
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continuous cryptotephra glass concentrations or zones. This strategy was used to (a) 
identify likely primary fall events and background concentrations of shards derived from 
secondary deposition, (b) identify the overlaps between mixed populations, (c) to confirm, 
geochemically, putative andesitic and rhyolitic groups identified on the basis of colour 
through microscopy and stratigraphic position, and (d) establish the degree of homogeneity 
to provide insights into the taphonomic processes involved. Defining criteria were as 
follows: 
I. The level containing a marked Peak Concentration (PC) of shards. These were initially 
assumed to represent major depositional events most likely from primary tephra-fall events 
and were the foci of the analysis for most sequences. 
2. The concentrations of shards above and below a PC or the Flank Concentrations (FC), 
selected on the basis that EMPA will help to define the vertical extent of a given 
cryptotephra above and below the PC. The levels selected to represent FC, where possible, 
represent the first and third quartile as derived from the sum of shards from a distinct 
cryptotephra zone. The selection of the FC sampling positions was particularly important 
where cryptotephra concentrations were highly dispersed through the sediment profile (e.g. 
Gehrels et al., 2006). In this case an individual cryptotephra zone is defined as a discrete 
zone of shards where shard concentrations increase above the background counts for the 
core. Background counts are arbitrarily defined by samples containing less than I 0% 
overall shard concentrations for a given sequence, although defining the cut-off for 
background concentrations was not always possible in practice. Also considered was the 
- 62-
Chapter 3 Methodology 
spread of shards as well as changes in sedimentology, particularly where this may have 
affected resulting shard concentrations. 
3. Levels where there is a Postulated Event (PE), a peak concentrations thought to be 
linked to a known eruption, i.e. historical or well-dated ash falls which are likely to be 
present as cryptotephra in the profile. 
4. Levels selected based on the tephra profile and stratigraphic relationships as the most 
likely to provide Correlation Points (CP) between all the cores. 
In addition to these considerations for sampling strategy, further consideration was given 
to the numbers and types of shards analysed within samples (see section 3.3.5). Further 
details of sampling strategy for geochemical analysis, including exact stratigraphic 
positions of samples, are ·provided in the relevant results chapters. 
3.4.2 Sampling and sample preparation 
Fresh samples were extracted from the identified stratigraphic levels with a clean blade 
with due care to ensure that the samples were taken at the original levels identified through 
shards counts, i.e. same stratigraphic interval. Such care is particularly important in peat 
sections that are subject to considerable shrinkage through water loss over time. Samples 
needed to be sufficiently large to ensure enough shards were retrieved and to allow for any 
loss during processing. Publishable datasets generally require at least I 0-12 shards per 
population to show reproducibility (Froggatt, 1992). It was thus also necessary that 
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samples were sufficiently clean of non-tephric components to concentrate the glass 
particles for analysis. 
Sample preparation to concentrate shard content for EMPA followed standard procedures 
to remove non-tephric components which do not compromise geochemical composition of 
shards as described above (TEPHRA TRACE, 2002). As with the preparation of samples 
for microscopy, this step involves the removal of organic material followed by additional 
chemical processes and sieving ~Fig. 3.4). The acid digestion method (Dugmore et al., 
1992) was used to remove organic material from both peat and lake sediments as an 
alternative to the ashing method, which is known to alter levels of certain elements, 
specifically the alkalis, in the shards (Dugmore et al., 1992; 1995). Although it has been 
suggested (Blockley et al., 2005) that this method may result in the deterioration of shard 
surface after sustained treatment, there is no evidence that the geochemical composition of 
the shards is compromised. 
For the acid digestion, wet samples were added to large{> 150 ml) conical flasks followed 
by the sequential addition of chemicals to digest organic material. Firstly, 50 rnl of 98% 
concentrated sulphuric acid ( 1.84 SG, analytical reagent grade) was added to each sample 
and flasks shaken carefully. This was followed by several additions of 2-3 rnl of 70% 
concentrated nitric acid ( 1.42 SG, laboratory reagent grade) until the reaction (foaming) 
had subsided. The flasks were carefully shaken in between each addition of acids to 
reduce the impact of any strong reactions (foaming). The liquid was then set to boil on a 
hotplate until it turned a clear yellow - when all organic material had been digested. 
Samples were left to settle so that most of the chemicals could be removed and the 
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remaining sediment recovered. Samples were cleaned thoroughly of chemical residue in 
distilled water until the solution returned to a neutral pH. 
Samples were wet sieved to <25 >63 J.lm to remove any remaining fines as well and to 
remove the majority of any minerogenic particles present. The narrow size range provided 
an even layer of shards on the slide and ensured maximum exposure for smaller andesitic 
shards. 
Where necessary, the NaOH treatment was used, prior to sieving, to dissolve biogenic 
silica content in samples with high concentrations. The use of NaOH is generally 
considered safe for using in preparation of samples for EMPA although there has been 
some concern regarding leaching (Hlockley et al., 2005) which is unsubstantiated. A query 
to tephra workers through the SCOifA V (now lNT A V, International focus group on 
Tephrochronology and Volcanism) list server (SCOTAV list server accessed 1'8/9/2007) 
revealed a general consensus that the use ofthis chemical is unlikely to have any impact on 
the major element composition of glass shards. Only after sustained use would NaOH 
possibly etch the very outer layer of the shard surface only. This surface would 
nevertheless be removed during the polishing stage (section 3.3.3) to expose interior shard 
surfaces for analysis. Details of the procedure to remove organic content using NaOH was 
given in section 3.2.3. 
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3.4.3 Slide preparation 
rhe preparation of samples for EMPA followed the gram mounting procedure 
recommended by the Tephra Analytical Unit (under the guidance of Dr David Steele), 
17his involved mounting glass saniples onto glass microslides with Epoxy resin and 
polishing sequentially with finer wet and dry carborundum papers to expose glass interiors. 
Slides were prepared carefully to ensure effective coverage and exposure of glass shard 
surfaces. 
Samples were mounted onto glass, thin section slides of an appropriate size for the sample 
holder in the microprobe (28x48 mm, 1.2-1.5 mm thick, 50 OTG 90° (Menzel Glaser). In 
preparation, the surface of the slide was frosted using coarse grained ( 190 grit) 
carborundum (wet and dry) grinding paper to allow the resin to stick to the glass. Using a 
pencil, each slide was labelled and boxes, approximately lcm2, were drawn to outline the 
area on the slide for each sample. Space was allocated for four to six samples per slide. 
The most effective way to transfer small amounts of sample on to the slide was to pipette 
diluted sample on to slide which was then dried on a warm hotplate. 
Small quantities of Epoxy resin (EPO-Thin resin, a two part Epoxy resin supplied by 
Buehler) were prepared and added using a cocktail stick on to each dried sample to ensure 
even coverage and to avoid contamination between samples. Resin was left to dry at room 
temperature for 1-2 hours and then placed onto a hotplate for -I hour to allow the resin to 
fully set/cure. Once cooled, the slides were polished to expose shard surfaces through the 
resin mount for EMP analysis as described below. 
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Sequentially finer grades of wet and dry carborundum papers (400, 800, 1200, 2500 and 
4000 grits) were used to carefully expose the interior surfaces of shards on each slide. 
Slides were placed surface down firstly on the coarsest grain paper (400), which was kept 
moistened with distilled water. The polishing was done on a flat glass plate using steady 
pressure to ensure a unifonn thickness across the slide. A micrometer was used at each 
stage to measure thickness of resin and to reduce the risk of over-grinding. Regular checks 
were.also made using a light microscope on the exposure of shards. Before the final polish, 
slides were cleaned of any loose material in an ultrasonic bath for -I 0 minutes. 
A final fine polish was produced using a 6 pm diamond polishing lap and then a I pm 
polishing ·lap each for about 15 minutes each. Slides were again cleaned in an ultrasonic 
bath and examined using reflected light microscope to check for grain exposure. Slides 
were carbon coated to produce a conductive su~face for analysis immediately prior to 
EMPA. 
3.4.4 Electron microprobe (EMP} specifications and operating conditions 
The glass samples were analysed for major elements using a CAMECA SX I 00 electron 
microprobe equipped with five WD spectrometers. The software used for analysis and data 
reduction was CAMECA's PC-based PeakSight software. All analyses were undertaken 
using beam conditions of 10 kY accelerating voltage, 10 nA (Faraday cup) beam current, 
and a 4 pm spot size. The small spot size made it possible to avoid microlites which are 
typically abundant in andesitic shards (Donoghue et ar, 2007; Platz et al., 2007). 
(Although it has been suggested that beam size smaller than I 0 ~tm could distort 
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compositional output (Hunt & Hill, 200 I), careful use of standards throughout the analysis 
suggest that was not the case using the conditions described here.) The instrument crystal 
configuration and analysed elements were TAP(Si, P) - LPET(K,Ca) - LLiF(Mn, Fe) -
TAP( AI, P) - L TAP(Na, Mg). Analysis times for 'first cycle' elements (Si, K, Mn, AI, Na) 
were 30 s peak, 30 s background. For Na and Si the 30 s peak time was split into 6.5 sec 
intervals and a decay curve procedure employed to correct for count rate decrease or 
increase in Na and Si, respectively. Second cycle elements counting times were 20 speak 
and 20 s background. Independently characterised basaltic glasses including Lipari and 
BCR2G were analysed at regular intervals throughout the analysis session (results in 
appendices). The standard nine major elements (as oxides) were measured for glass 
composition: silicon (Si), aluminium (AI), potassium (K), sodium (Na), calcium (Ca), 
magnesium (Mg), manganese (Mn), iron (Fe) and titanium (Ti). 
3.4.5 Shard selection and analytical strategy 
During the analysis of each sample, considerations were given to the numbers and types of 
shards analyzed. As recommended by Froggatt ( 1992), at least I 0 analyses were conducted 
on different shards per sample but 15-20 shards were attempted, particularly for key 
tephras (e.g. Kaharoa Tephra) and andesitic tephms. It is considered that at least I 0 
consistent analyses are required to be acceptable for publication (Froggatt, 1992; Tumey et 
al., 2004). In practice, however, it was not always possible to achieve this number. Each 
set of analyses from a sample were checked for outliers and multiple populations. For each 
sample a range of shards was analysed to produce a representative overview of each 
sample. rhe range included the dominant shard population or populations identified from 
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shard counts and a small number of shards from background concentrations to assess 
possible sources of reworked material. 
Individual glass shards were identified in each sample using a range of imaging facilities 
on the EMP before analysing. The light microscope facility on the EMP was particularly 
useful for identifying shards of a particular chemistry, i.e. andesitic or rhyolitic in samples 
with mixed populations and for distinguishing between glass shards and crystals 
(minerals). For the analysis of andesitic shards, setting the EMP to obtain backscattered 
electron images of shards (Fig 3.7a) was useful for identifying and avoiding microlite 
inclusions which would potentially contaminate the resulting analysis (Platz et al., 2007). 
Backscattered electron (BSE) images also provided a way of checking surface exposure of 
shards above resin; the resin appears as a black background (Fig. 3.7 a, b) around shard 
surface. Using BSE it was also possible to discriminate between andesitic and rhyolitic 
shards, the latter appearing slightly darker due to higher silica composition (compare Fig. 
3.7 a and b). 
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Figure 3.7. Backscattered electron (BSE) images of exposed surfaces of glass shards in 
resin mount: (a) andesitic shards (core MR2, 8 cm) showing distinct mlcrolite inclusions 
(small crystals); (b) rhyolitic shards (LR1, 17 cm) appear slightly darker than andesitic 
shards due to compositional differences. Bar is 50 ~m long. 
3.5 Chronology construction 
It was necessary to develop chronologies for each sequence, both (a) to develop a robust 
age-model for key profiles, and (b) to date targeted areas of the cores which record 
potentially significant tephra falls. Four dating methods were used for this objective: 
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radiocarbon dating, tephrochronology, palynology and historical markers. The age models 
provided the means to date individual cryptotephras and link them with known eruption 
events .or correlate with other cores and or sites where individual tephras could not be 
differentiated by geochemistry. In addition to dating significant ash fall, dating was used 
also used to constrain the time-stratigraphic interval over which some significant 
cryptotephras occupy as a result of taphonomic processes affecting shards. 
3.5.1 Tephrochrono/ogy 
Tephrochronology, via tephrostratigraphy provided a useful dating method for the cores 
used in this study. This included using visible tephra layers present in the cores as well as 
any cryptotephras identified that could be linked to well-dated tephra depositing events, 
e.g. the Kaharoa Tephra. The visible Taupo Tephra ( 1717 ± 13 cal yr BP; (Fig 3.3) 
provided a well defined age horizon for marking the base of all sequences. Lake Pupuke 
cores also included a localised basaltic tephra, the Rangitoto Tephra, ea. AD 1400 (Fig. 
3.3). 
3.5.2 Radiocarbon dating 
Radiocarbon dating was selected as the pnmary method to date selected sediment 
sequences from the two peat bogs (Moanatuatua and Opouatia) and from Lake Rotoroa, 
also contained enough organic material for dating. As previous studies of Lake Pupuke 
suggested a problem with a radiocarbon hard-water effect, radiocarbon dating was not used 
at this site (Horrocks et al., 2005). Measurements of 14C for dating the sequences used in 
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this study were carried out at the University of Waikato radiocarbon facility m New 
Zealand and the NERC radiocarbon facility in East Kilbride, UK. 
Four samples were processed at the University of Waikato Radiocarbon Laboratory in July 
2005. The samples were submitted shortly after cores were collected, with the aim of 
constructing an outline chronology using conventional liquid scintillation spectrometry. 
These samples were taken from in situ sections and included bulk samples of peat and 
large pieces of wood. Samples were not treated to any physical or chemical pre-treatments 
prior to submission. In the laboratory, samples were acid washed using I 0% HCI, and I% 
NaOH to remove contaminants and the base-insoluble fraction was selected for dating. 
Samples collected for dating by accelerator mass spectrometry (AMS) at the NERC facility 
comprised plant macrofossils, pollen concentrates and bulk sediment samples. For peat bog 
sites, plant macrofossils comprised stems, seeds and leaves which were handpicked from 
the coarse fraction of peat samples that were suspended in water using a low power 
microscope. Samples were prepared by wet sieving peat through a > 180 J.lm sieve to retain 
the fraction then suspended in distilled water for hand picking, with care taken to avoid 
roots that may have penetrated the peat from younger levels. Plant macrofossils were 
particularly sparse in lower levels of the peat sequences. To obtain the required minimum 
sample size of at least 1-2 mg of carbon for AMS dating, most of the peat samples were 
composed of a mixture of various macrofossil types. 
Pre-treatment of plant macrofossil samples to remove contaminants was completed at the 
radiocarbon facility. Samples were digested in 2M HCI (80°C, 8 hours), washed free from 
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mineral acid with deionised water then dried and homogenised. Carbon content was 
recovered as C02 gas which was converted to graphite for analysis using 5MV A:MS. 
There were not enough plant macrofossils in the lake cores from Lake Rotoroa for dating 
and an attempt was made to extract pollen concentrates (using method detailed in 
Newnham et al., 2007b). However, these samples resulted in a very low amount of C02· 
close to the limit for routine samples (c. I ml C02). As a result of low precision only 
preliminary results were obtained from these samples. In these cases bulk sediment 
samples containing -40% organic content were dated in addition to the pollen 
concentrates. 
3.5.3 Palynology 
Each profile spans the interval from Taupo Tephra to present (the last -1800 years), during 
which two major anthropogenic events are clearly discernible in New Zealand pollen 
records: the initial forest clearance that accompanied earliest Polynesian settlement and the 
introduction of adventive plants with European settlement. The former occurred at around 
the time of the eruption of the Kaharoa Tephra (AD 1314 ± 12) (Newnham et al., 1998; 
McGlone & Wilmshurst, 1999; Lowe et al., 2000), whilst the latter occurred during the 
tirst few decades of the nineteenth century, with historical records supporting existing age 
models. Palynological analysis may therefore potentially provide two additional time lines 
for each profile. 
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3.5.4 Additional age markers 
These include charcoal layers from recorded fire events and chemical markers from 
pollution events (e.g. a copper layer in Lake Pupuke cores from the addition of copper 
sulphate in the 1920s; Fig. 3.3). These markers are especially important for providing dates 
in the last 300 years when radiocarbon dating is compromised by industrial effects such as 
atomic bomb testing, industrial pollution and agricultural affects. Details of the particular 
historical markers applied are given in the relevant results chapters. 
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CHAPTER 4: WAIKATO REGION 
4.1 Waikato Region sites 
In ,this chapter the results of analyses outlined in the previous chapter are described for the 
three research sites within the Waikato Region of the North Island, New Zealand. These 
sites include Moanatuatua and Opuatia peat bogs, and Lake Rotoroa (Fig. 4.1.). The results 
from the Auckland Region site are described in the following chapter. Under the heading 
for each site each section includes: (I) a description and background to the site; (2) details 
of the sample collection and retrieval; (3) lithostratigraphy of the sediment sequences, ( 4) 
construction of age-models for sediment sequences; (5) the tephra-derived glass content; 
and (6) geochemical composition and identification of cryptotephras. A final section 
includes a summary of the main findings from each site including any resultant issues. 
The Waikato Region of the North Island covers an area -25,000 km2 and consists of large 
areas of pastoral farmland, several small towns and one city. Though defined as a political 
district, the Waikato Region is in general terms defined by the course of the Waikato 
River. This is the longest river in New Zealand, extending -425 km northwest from its 
source at Lake Taupo, through the Waikato lowlands up to where it empties into the 
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Tasman Sea at Port Waikato (Fig. 4.1 .1 ). The city of Hamilton is the region 's only city and 
largest population centre with ~ 130,000 permanent residents, and is the seventh largest 
population centre in New Zealand (Statistics New Zealand, 2008). 
N 
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Figure 4.1. The Waikato Region with locations of core sites and the present and past extent 
of significant wetland areas, tfrom Environment Waikato (1999b). The names of significant 
peatlands are in italics. 
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The landscape of the central Waikato Region (Hamilton Basin) is dominated by broad 
alluvial plains formed by the ancestral Waikato River, and numerable swamps, peatlands 
and small lakes (Fig. 4.1.). Many of these wetland sites and bogs developed as a result of 
increased rainfall that accompanied the climate amelioration at the end of the last glacial 
stage (Green & Lowe, 1985; Newnham et al., 1989). Wetlands typically formed in poorly 
drained depressions of the volcaniclastic alluvium (known as the Hinuera Formation) 
deposited by ancestral Waikato River (Selby & Lowe, 1992), The raised peatlands in the 
region represent the tinal stage in the succession of these wetland areas through a process 
of hydroseral succession (Aaby & Berglund, 1986). Peat growth is thought to start on the 
margins of swamp lakes which gradually encroach on the lake. This is coupled with the 
replacement of plant species with less nutrient-demanding plant species. The key plant 
species in this succession includes the Southern Hemisphere species of jointed rushes 
(Restionaceae or restiad species) which have unique hydrological and peat forming 
properties and form a distinct type of raised ombrotrophic bog which are found only in 
New Zealand (Selby & Lowe, 1992; de Lange et al., 1999). High water table conditions 
suitable for this peat development have been maintained by the region's high annual 
rainfall, mild temperatures and high humidity (Shearer, 199~'). The current mean annual 
rainfall for the Hamilton area is -1252 mm yea( 1• 
The ombrotrophic bogs are characterized by a raised, dome-like surface which rises above 
the surrounding land surface that is hydrologically separate, receiving all water and 
nutrients from precipitation resulting in an acidic and nutrient poor environment dominated 
by only a few specialised plant species. Allogenic inputs to these raised bogs are therefore 
likely to solely reflect atmospheric inputs which are of key importance to this 
investigation. The resulting peat is highly organic in nature providing effective repositories 
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for preserving and detecting a wide range of palaeoenvironmental proxies as well as airfall 
tephras, Raised restiad bogs are a distinctive type of bog that is unique to New Zealand. 
These are dominated by a Southern Hemisphere family of jointed rushes, Restionacea 
which includes species Sporadanthus fermgineus (henceforth Sporadanthus) and 
Empodisma minus which produce a fibrous and highly acidic type of peat (pH ~3-4) 
(Campbell, 1975; de Lange et al., 1999; Clarkson et al., 2004). 
Large areas of wetlands once covered ~5% of the Waikato landscape but this has reduced 
to <1% since the arrival of Europeans (~AD 1840) who instigated extensive drainage 
programmes to convert the land for agriculture (de Lange et al., 1999). Drainage activities 
took place over a -150 year period reducing wetland area from Ill ,000 ha (estimated AD 
1840 cover from Environment Waikato, 1999) to -30,000 ha (AD 1995 measurements) 
(Fig. 4.1. ). Many of the remaining wetlands were reduced to isolated remnants which are 
now protected as reserves in recognition of the many unique and endangered species of 
plant and animals found in them. Moanatuatua and Opuatia bogs are representative of the 
few remaining raised restiad peat domes in New Zealand. 
Both peat bog and lake sites m the region have provided important archives for 
palaeoenvironmental proxies and for distal tephras from TVZ volcanoes (Lowe et al., 
1980; Lowe, 1981; 1986; 1988b; Green & Lowe, 1985; Newnham et al., 1995; Gehrels et 
al., 2006). More than 40 individual Late Quaternary tephras have been detected in peat and 
lake sites in the region from both rhyolitic and andesitic sources (Hogg et al., 1987; Lowe, 
1988a; de Lange & Lowe, 1990). 
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4.2 Moanatuatua Bog 
Moanatuatua Bog (37° 58'S, 175° 72'E) is one of only a few remaining raised, 
ombrotrophic (rain fed), restiad peat bog in New Zealand, and with Lake Rotoroa, 
represents the sites positioned closest to potential volcanic sources of ash from TVZ and 
Egmont/Taranaki volcanoes, 
4.2.1 Site description 
Moanatuatua Bog is located -17 km southeast of Hamilton city (Fig. 4.2.1 a) and is situated 
within the Hamilton Basin (as is Lake Rotoroa), an oval shaped, tectonically controlled 
depression >80 km N-S and> 40 km wide surrounded by hills to the east and west (Selby 
& Lowe, 1992; McCraw, 2002). Quaternary deposits that fill the basin include sediments 
from the Waikato River and older thick deposits of tephras from volcanoes ofthe TVZ and 
from Egmont!Taranaki volcano (Selby & Lowe, 1992). Moanatuatua Bog developed on 
Waikato River derived volcanogenic alluvium approximately 13, 300 14C yrs BP (ea. 15, 
500 cal. yrs BP) based on radiocarbon ages (from the deepest peat (Wk-529; Hogg et al., 
1987' p. 287). 
The bog itself was once a large raised peatland in excess of 7500 ha in size with a 
maximum peat thickness of -15 m (Shearer, 1997; Clarkson et al., 2004). lt has 
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significantly reduced in size in recent centuries. An extensive drainage programme that 
started in the early 1900s to convert land to pasture and farmland has reduced the peat bog 
to two small isolated remnants -120 ha in total size (Fig. 4.2.1 b). The largest of these, 
marked by a line of planted pines (Pinus radiata) on its eastern margin, is now protected as 
a scientific reserve in recognition of the unique and threatened species (including 
Sporadanthus) in these types of bog. However, due to its small size it is considered very 
vulnerable to change (Shearer, 1997) and the sampling strategy adapted for this site was 
constrained in recognition of this fragile habitat. 
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Figure 4.2.1 Location map of Moanatuatua Bog: (A) in relation to Hamilton and other 
significant population centres in Hamilton Basin, (B) close up of the remnant bog and core 
sites. The larger of the remnants is the scientific reserve. (C) Oblique aerial photograph of 
the peat bog remnant and surrounding drains, red dot indicates the approximate location of 
core site (source of photograph: 
http://erth.waikato.ac.nz/research.campbell/carbon.fluxlindex.shtml, University of Waikato). 
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The modified (drained) peatland is crossed with a dense network of maintained drainage 
ditches. This drainage has resulted in significant subsidence of the underlying peat caused 
by losses of organic matter and consolidation (Me Lay et al., 1992; Schipper & McLeod, 
2002). An average of -2.5 m of subsidence has been measured for the drained peat from 
this site over a 77 year period (Schipper & McLeod, 2002). This has had an inevitable 
effect on the water table conditions of the remaining remnant which is now too small to 
maintain its own water table conditions. Since 1974 (to 1999) mean water table levels on 
the bog were found to have declined by -25 cm (Ciarkson, 1997). A manifestation of this 
change is the development ofan unusually thick acrotelm layer (aerated root zone) in the 
peat. This is typically 50-60 cm thick in the bog as opposed to 20-30 cm for unmodified 
bogs (Shearer, 1997). Subsequent changes to the plant composition in parts of the bog, 
particularly on the margins are thought to have stemmed peat accumulation altogether (Or 
David Campbell, Waikato University pers. comm. February, 2005). Frequent fires 
associated with early drainage and other land activities have also had a significant impact 
on the remaining remnant affecting the restiad species which are particularly sensitive to 
disturbance (Thompson et al., 1999; Campbell et al., 2002; Schipper & McLeod, 2002). 
The plant species in the Scientific Reserve ( -74 ha) are dominated by the jointed rush 
species including Sporadanthus which is a late successional species endemic to the North 
Island and restricted to highly acidic (pH <5) ombrotrophic peat bogs (de Lange et al., 
1999). Sporadanthus are long lived perennial plants which spread vegetatively by rhizomes 
that produce dense clusters of upright culms (I 0-15 mm in diameter) (de Lange et al., 
1999). In Moanatuatua the pH of the peat has been measured to between 4.1 and 4.6 
(Ciarkson et al., 2004). The root system produces 25-30 cm long, horizontal roots but have 
- 82 ~ 
Chapter 4 Waikato Sites 
been known to penetrate >2 m in the peat (Dr Beverley Clarkson, pers. comm. October, 
2007). The culms (stems) extend up to -2 m in height to form a dense lofty canopy 
sheltering the underlying peat from the Sun and reducing evapotranspimtion and providing 
an important habitat for a number of plant and animal species (Bell, 1986; de Lange et al., 
1999) (Plate 4.2.1a). 
In the reserve, Empodisma forms a dense understory to Sporadanthus. llhis restiad species 
also spreads vegetatively producing denser but finer culms which extend up to -1.2 m in 
height (Plate 4.2.1 c; Clarkson 1997). The fine, dense cluster roots from this species are the 
main peat fom1ers in restiad bogs, producing a mat like structure which has unique water-
retaining properties. The living roots from this species can penetrate> I m down in the peat 
(Dr Beverley Clarkson, pers. comm. October, 2007). The dense culms from both restiad 
species form a raft-like construction on the underlying peat upon which a number of other 
plant species thrive. Intermittent species identified in the understory of the bog include 
shrubs such as Leptospennum (manuka) and Gleichenia dicG/pa (umbrella fern), 
Liverworts Goebelobryum unguiculatum and mosses Campylopus acuminatus and 
Lycopodium laterale (Ciarkson, 1997). Shrubs are particularly prominent in the drier areas 
of the bog which have been most affected by the surrounding drainage. 
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Plate 4.2.1 Moanatuatua Reserve, showing site vegetation and sampling methods: (a) 
surface vegetation dominated by dense restiad species (Prof. David Lowe.(standing upright) 
is holding a full length Sporadanthus culm). The understory vegetation includes 
predominantly Empodisma. (b) View ofthe raised surface of the bog from bog margins. The 
pine trees (Pinus radiata) mark the eastern margins of the Reserve (Fig. 4.1b); (c) Close up 
ofthe Empodisma understory with other intermittent plant species (the Empodisma is -40 
cm in height in this picture). (d) The surface pit dug to collect monolith samples. (e) Narrow 
reconnaissance core used to determine the depth of the Taupo Tephra (marked by trowel tip 
but barely visible in this,picture). All photographs by author. 
Moanatuatua Bog has been the focus of a range of scientific studies. In particular, it has 
become an important site for monitoring the impact of drainage and modification of the 
region's peat bogs to bog hydrology and xeromorphic vegetation characteristics (Ciarkson, 
1997; Thompson et al., 1999; Campbell et al., 2002; Norton & de Lange, 2003). Studies 
have also focussed on the impact of fire on restiad species using recent fires at the site to 
monitor plant recovery (e.g. Clarkson, 1997; 2002). Peat sequences from the remaining 
bog and margins also proved to be useful archives of palaeoenvironmental proxies in a 
recent study by Hazell (2004). These records were dated successfully using a number of 
distal rhyolitic tephras preserved as visible deposits at the site. In addition to the Taupo 
Tephra, additional tephras detected at the site include the peralkaline Tuhua Tephra (-7000 
cal yr BP) and Okataina-derived Mamaku Tephra (-8000 cal yr BP), which were found in 
peat sequences collected from the drained margins ofthe bog (Hazell, 2004). Within the 
same sequences a number of cryptotephra concentrations were also detected using 
measurements of organic content and magnetic susceptibility as a guide to tephra 
concentrations (Ballinger, 2003). No geochemical analyses were undertaken to characterise 
these visible or cryptic tephras definitively, they were tentatively correlated with known 
rhyolitic and andesitic ash"fall events based on stratigraphic position, physical 
characteristics and ages. No brown glass shards were recorded from the cryptotephra study, 
but microlite-rich glass shards were observed which were tentatively linked to known 
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Egmont-sourced tephras. It is likely thatthe presence of brown shards, which are typically 
smaller in size and in lower concentrations than rhyolitic glass shards, were overlooked in 
that particular study. 
4.2.2 Peat collection 
Five peat sequences were retrieved in total from Moanatuatua Bog during field visits in 
2005 and 2007 (Fig, 4.2.2.). These include two sections from the Scientific Reserve (MR2 
and MR7) and three short sections(MBI-3) from a peat exposure in a partly drained region 
of the bog where blueberries are cultivated. A summary of material collected is shown in 
Table 4.2.1 and coring locations are shown in Figure 4.2.1 b. 
Section MR2 was collected from the unmodified peat in the Scientific Reserve (GR: 
E2718772, N6361319; Fig. 4.2.1) and represents the most complete sequence obtained 
from Moanatuatua Bog. The sequence was collected from a depth just below the visible 
Taupo Tephra at 1.5 m up to the modem surface of the bog which was composed of living 
plants (Table 4.2.1; Fig. 4.2.1 b). The Taupo Tephra has been identified throughout the site 
from previous studies by its distinct physical properties and depth (Lowe, 1988b ). It 
represents the most recently deposited tephra detected at the site. After probing various 
sites, the actual core site was located -I 0 m in from the margins of the reserve, where there 
was no visible impact of marginal drainage ditches on bog vegetation and surface. Also, at 
this point the thickness of the peat section was also considered sufficient to obtain a high 
resolution record of tephra derived glass-shard content throughout the sequence. 
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The peat was sampled in sections as cores and monoliths to a depth just below the visible 
Taupo Tephra. Monolith 'tins' were used to collect the top 90 cm of the peat up to the 
surface which was difficult to extract effectively using coring equipment. This was due to 
the loose nature of the un-compacted acrotelm layer which is also unusually thick at this 
site. The use of monolith tins also allowed for large sections of peat to be collected and 
which were also undisturbed by the action of any coring processes. 
To collect the monolith samples, a pit was dug from the surface of the bog to form vertical 
face in the peat. Plastic boxes (length = 30 cm, width = 20 cm, depth = 20 cm) were 
adapted to provide lightweight monolith containers which were cut into the peat exposure 
and dug out to obtain contiguous sections of undisturbed peat. A narrow Russian type 
corer with a 50-cm long and 5-cm diameter barrel was used to extract the replicate sections 
from the remaining sequence down to the Taupo Tephra from the base of the pit (at 90 cm 
depth). 
Section MR7 was an additional core taken from the reserve in February 2007 (by 
Professors Rewi Newnham and David Lowe) to provide replicate analysis for section MR2 
(Table 4.2.1'). lt was anticipated that this section would provide replicate analysis tor 
section MR2 for the section containing the Kaharoa Tephra to examine some of the 
taphonomic processes affecting this particular tephra. The core site was located ea. I 0 m 
from the previous core site (MR2) where peataccumulation rates would be similar. Three 
0.5-m-long sections were retrieved using a narrow Russian type corer down to just below 
the visible Taupo Tephra. Problems were encountered, however, in obtaining the top 
section of the peat with the corer due to the thick actotelm layer, and so peat was only 
retrieved immediately below the root zone. The core retrieved extends from 57 cm (bottom 
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of root zone) down to the Taupo Tephra at 173 cm - a total of 116cm of peat core (Fig. 
4.2.2.). 
Monoliths MBI, MB2 and MBJ were collected from a 90-m-long section of exposed peat 
in a partially water filled, 1.5-m deep, drainage ditch located on the north side of Jary 
Road (Fig. 4.2.1 b; Plate 4.2.2a), approximately 500 m south of the present day bog 
margins (GR: E2718472, N6359349). These ditches from part of a blueberry farm and are 
used to control water tables seasonally. These ditch-based sections were collected to 
examine the spatial variability ofcryptotephras in the site as well as provide more detailed, 
replicate analysis for the lower 50 cm of the peat sequence above the Taupo Tephra which 
was only obtained in narrow cores from the reserve. The peat exposure consisted of a well 
preserved peat below a disturbed agricultural soil ~20-30 cm thick on the surface. The 
Taupo Tephra formed a distinct and laterally continuous layer visible along the exposure at 
a depth ~67 to 75 cm below the surface, a difference of at least 80 cm of peat height 
compared with the unmodified peat sequence in the reserve. Samples of the peat were 
collected in overlapping monoliths tins from the cleaned, exposed sides of the drain using 
plastic boxes as monoliths, as for MR2, taken just below the disturbed peat surface (Plate 
4.2.2 b-e). 
4.2.3 Lithostratigraphy and peat characteristics 
All monoliths and cores retrieved from Moanatuatua Bog contained restiad peat 
characterized by restiad plant and root matter of varying levels of decomposition, and 
interspersed with woody fragments and charcoal layers (Figs. 4.2.3. and 4.2.4). Generic 
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descriptions were used in this study to describe the restiad peat sequences based on the 
visual examination of identifiable components, e.g. plant remains, charcoal layers and 
wood, and peat texture (after Campbell, 1975; Lowe, 1988b; Clarkson, 2004). 
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Table 4.2.1 Summary of material collected from Moanatuatua site 
Core site Core site details Sample Depth Sample retrieval Notes on stratigraphy 
(date [grid ref of core code retrieved 
collected) site] from 
surface 
(cm) 
Reserve Taken from the x3 contiguous 30 cm Taupo Tephra at 149-
(8-2-05) Reserve, 10 m from long monolith tins (0- 150 cm (fine lapilli) 
margin and drainage MR2 0-190 65 cm); cores (90- identified by field ditch, amongst in situ 190 cm; taken in characteristics and 
vegetation (Plate triplicate A-C) from stratigraphic position 
4.2.1a) surface 
[E271877, N636131] 
(17-2-07) 3 x 0.5 m long Taupo Tephra at 170 
MR7 74-170 contiguous sections cm 
from below acrotelm 
Partly 
Peat exposure in x2 parallel monolith 
Taupo Tephra at 75 cm 
drained tins with 1 0 cm Several distinct 
margins drainage ditch on the overlap (30-63 cm charcoal layers 
(9-2-05) margins of reserve MB1 30-86 and 53-86 cm; Plate (Fig. 4.2.1 b; Plate 4.2.2c) 
4.2.2a) 
[ E271847,N635934] 
x2 parallel monolith Taupo Tephra at 69-71 
17 m north of MB1 MB2 23-83 
tins with 6 cm cm (- 2 cm fine lapilli ) 
overlap (23-56 cm Several distinct 
and 50-83 cm) (Plate charcoal layers 
4.2.2d) 
x2 parallel monolith Taupo Tephra at 67-69 
53 m north of MB2 MB3 21-78 tins with 6 cm cm 
overlap (21-51 and Charcoal layers 
45-78 cm) (Plate 
4.2.2e) 
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Reserve 
Core code MR2 
o-
20 ~ 
40 -
60 -
80 -
100 -
120 -
140 -
160 -
cm 
Moanatuatua Bog 
MR7 
Margins 
MB1 MB2 MB3 
(Taken below a disturbed surface) 
Visible tephra layer 
- Taupo Tephra: 1704-1730 cal. yr. BP 
<=:::> Sampling position " C date 
I Bulk sample 
Waikato Sites 
Figure 4.2.2 Summary of all cores from Moanatuatua Bog - reserve and margins used in this 
study, showing visible tephrostratigraphy and positions of samples for radiocarbon dating. 
The texture of the peat is defined primarily by the degree of humification; a measure of 
plant decomposition (Blackford & Chambers, L 993). For the purposes of this study 
humification was assessed using simple field techniques (von Post scale) to observe the 
colour of interstitial water from the peat and texture of wet peat between fingertips (dark 
fluid and smooth texture = well humified; light or clear fluid and rough texture = poorly 
humified). Two broad categories of peat were recognized for the sections collected: ( l) 
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well to moderately well humified peat, comprising a dense and compact peat with no 
discernable plant remains and generally dark in colour; and (2) poorly to very poorly 
humified peat with a porous texture and comprising distinguishable, poorly decomposed 
plant material and roots. The fibrous, aerated zone which forms the acrotelm forms a 
separate category for section MR2 which extends up to the surface. Measurements of loss 
on ignition (LOl) were also used to provide a measure of changing organic content through 
the peat sequence. 
Section MR2 (Fig. 4.2.3) 
MR2 was the longest and most complete sequence retrieved from this site, comprising a 
continuous section of restiad peat taken from just below the Taupo Tephra at 150 cm depth 
in the peat up to the modem surface where peat is still actively accumulating. Based on the 
depth of the tephras an approximate peat accumulation rate at this site is 0.8 mm yr"l. 
Measurements·of LOl revealed a highly organic peat typical of restiad peatlands consisting 
of 93-99% organic material, with a mean of 96.6% for the peat above 140 cm depth up to 
the surface. LOL values decrease markedly immediately above the Taupo Tephra and then 
increase steadily to the mean value at -115 cm, 35 cm above that layer. Distinct 
tluctuations in LOI values at 70, 60, 55 and 8 cm amount to -5% decrease in organic 
content and were suggestive of several possible cryptotephra concentrations prior to 
microscopic examination. Changes in organic content at 18-34 cm coincide with changes 
in peat composition. 
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Figure 4.2.3 Section MR2 showing position of charcoal layers and other observable 
lithostratigraphic changes, shown alongside measurements of loss on ignition showing 
down-core changes in organic content. 
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At the base of the sequence the Taupo Tephra comprises a unit of coarse ash and lapilli 
visibly disseminated over~ 1.5 cm. The peat immediately above and up to -55 cm depth is 
a relatively homogenous unit consisting of well to moderately well humified peat. "fhis 
peat is interspersed with a· few narrow horizons of woody peat and wood pieces, visible 
horizontal stems, a few poorly humified layers and four distinct charcoal layers. The 
lowest of these at -140 cm is disseminated over ~3 cm and comprises charred wood and 
peat suggestive of in situ burning. At 75 cm, the charcoal layer is indistinct, comprising 
very fine charred particles. 
Above 55 cm the peat becomes significantly less humified, comprising distinguishable 
plant material including roots and stems. The peat was relatively dry on collection and 
uncompacted and is likely to represent the extent of the aerated, acrotelm peat zone. 
Between 35 and 20 cm, the peat becomes distinctly more fibrous and dry and contains 
abundant charcoal particles and' some sparse quartz and other mineral grains. A distinct 
inflection in LO! in this section of the core is also suggestive of disturbance. This 
inflection is most likely to reflect shrinkage of the bog size due to large scale drainage 
activities which commenced in the early 1900s. This would have resulted in more 
windblown material hence the presence of increase in minerogenic material. The charcoal, 
is likely to have derived from the frequent fires associated with machinery used to drain 
the bog (Ciarkson, 1997). '"f:he top 20 cm consists ofthe living cluster roots of Empodisma. 
ln the top ~SO cm section there are at least seven distinct charcoal layers including two in 
the top 20 cm. 
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Section MR7 (Fig. 4.2. 7) 
MR7 was retrieved below the aerated zone at~ 75 cm depth in the peat down to the visible 
Taupo Tephra, at 170 cm depth. The peat was well humified throughout. Measurements of 
organic content are comparable to those of section MR2, showing a steady increase in 
organic content up to ~30 cm above the visible tephra. Above 130 cm and up to 74 cm (top 
of retrieved sequence), LOI fluctuates between 97.4- 98.8 %. No distinguishable charcoal 
layers were identified, possibly due to the narrowness of the core. A possible charcoal 
layer was identified during sample preparation at~ I 07 cm depth. 
Monoliths MBI-3 (Fig. 4.2.4) 
The three sequences obtained from the drain exposure comprised relatively dry compact 
restiad peat above the Taupo Tephra and below a disturbed surface. Structures and 
stratification of the undisturbed peat section appeared all the more distinct because of its 
dryness but made it difficult to evaluate degree of decomposition. Components of the peat 
inch.ided abundant charcoal layers, wood and wood fragments, and distinguishable plant 
material. Many features could be traced across the section. In all sequences charcoal layers 
formed some distinct layers but there were also less distinct sections containing charcoal 
fragments disseminated through several centimeters of peat, particularly in combination 
with plant and wood fragments and in poorly humified horizons. 
- 96-
c.o 
-....! 
0~::!! 
C:Ql(Q 
Cl> - c: (11 Cl> .., 
- Cl> 
-· ~ 0 . ~ 
::::S N· 
• N 3N~ 
Q)Ql(/) ;.a,_ 
(11-; 
C'"(ll:!: 
'< :::r cc 
n o @ 
:::r~-c 
Cl - · :::r 
-,::::s'< 
nee 
0 0 Cl-~ 
-Cl> 
-<(11 
Cl Cl> Cl> 
'<- n Cl>(ll:t 
.., ..... 0 
(11 - ::::s 
- · ::::S (11 
:SQ. 
9-:..,s: 
nn>o:J 
Cl (I) ...loo 
- C: I n>_w 
~ <t n 
:::roo ~ ~Cl> 
Cl> .., n 
-Ql-
:::ra..n> 
Cl> - · Q. (110~ Cl> n .., 
Cl Cl 0 ; a- 3 
::::sgc:r 
0 0 
- a..CC ~ ~ 3 Cl> -·Cl 
=::::s.., 
a. cc ce. 
n>-::::s 
:::::!l-t(ll 
::::SCI_ 
CI>C'""'TI 
Q.- - · 
• Cl> cc 
~~ 
N• 
. N 
~· 
-...loo 
10 
20 
30 
! 
8 40 
nl 
t 
::I 
"' 
"i 
-e 50 
.a 
m 
'i5 
nl 
~ 60 
~ 
£ 
a. 
~ 70 
80 
90 
100 -
Moanatuatua Bog drained margins 
MB1 
A-...o ~ 
_ ............ """~ ......... "" ... lG1'001 
SU£RC t31t6 
?.-:- -:~~· ... 
. . . 
-"'-" -- .... .. 
"V ...... ...... -~ • sut:RC t leDI 
? 
_ ...... 
r:!':r'(.:.l(,;; Macroscopic Taupe Tephra 
• sUERCtMo Radiocarbon sample point 
and number (Table 4.3) 
MB2 
~ --
· ·..:.J· ·;:~-;:· 
__ ..... .....,..,._ ..... 
Wki87Bt 
-
-- -
MB3 
·····---·-.. 
___........-;;;;: - .... 
·........-- .... 
.......,.. 
_p. - ...\... ,~ 
.•'-;.-..:z-•• -.-, n·. 
~- - ------
poorly to very·poorly humified resUad peat 
.. well to moderately-well humlfied resUad peat 
_..,. """'-::""~ fine roots and plant matter 
,.- - horizontal stems and roots 
--- charcoal 
~:_:- wood 
? 
0 
::::r 
Q) 
"0 
...... 
CD 
., 
-+::>. 
~ 
Q) 
A" 
Q) 
0 
(f) 
...... 
CD 
(/) 
Chapter 4 Waikato Sites 
4.2.4 Age depth models 
Age depth models are developed for cores MR2, MR7 and MB1-3 using AMS and 
radiocarbon ages, tephrochronological ages for the visible Taupo Tephra ( 1717 ± 13 ca1 yr. 
BP), and where present the cryptic Kabaroa Tepbra (identification described later) as well 
as charcoal and pollen markers. In total 15 radiocarbon ages were obtained for the site 
{Table 4.2.2). These include four radiocarbon dates provided by University of Waikato 
Radiocarbon Dating Laboratory (New Zealand) and 1 L AMS ages from plant macrofossils 
performed at the NERC radiocarbon facility in East Kilbride, Scotland. Table 4.2.4 
provides a summary of radiocarbon and AMS dates from all sections. 
Table 4.2.2 Radiocarbon ages and calibrated ages on samples from cores MR2 and MB1-
MB3. Sample positions are shown in Figures 4.2.2, 4.2.5 and 4.2.8. Samples: WPMF, woody 
plant macrofossils; PMF, plant macrofossils; BP, bulk peat; WP, woody peat; PC, peat with 
charcoal. 
Conv. RC Calibrated age 
Stratigraphic Sample age years (l'>c_ Estimated range• .. Median 
Lab code Sample ID Core position (an) material BP t1 sd ,.. BP .. (2a) cal yr BP age 
SUERC-13691 MR2_20 MR2 20.22 WPMF 84 37 ·26.0 250 0-101 70 
SUERC-13702 MR2_ J.4 34-35 PMF 123 37 ·23.9 300 0·265 95 
SUERC-13703 MR2_54 54-54.5 PMF 126 37 ·24.4 400 0-267 96 
Wk:MR2 MR2-M 60-65 BP 344 35 -27.8 319-<484 395 
SUERC-13704 MR2_74 74-75 PMF 354 37 ·27.6 500 305-472 392 
SUERC-13686 MR2_86 85.5-86 WPMF 685 35 ·25.8 750 878-897 749 
SUERC-13693 MR2_104 104-106 WPMF 1132 35 -25.0 1000 931·1056 988 
SUERC-13705 MR2_122 121.5-122.5 PMF 1243 37 ·26.3 1350 988-1258 1118 
SUERC-13694 MR2_133 131-133 WPMF 1560 35 -24.4 1450 1309-1423 1387 
Wk:MB1 MB1_35 MB1 3().35 BP 879 35 -28.2 727-911 789 
SUERC-13695 MB1_ 41 41-41.5 WPMF 1135 37 -26.4 1000 930-1059 992 
SUERC-13708 MB1_53 52.9-53.5 PMF 1439 35 -27.0 1300 1282-1380 1322 
SUERC-13698 MB1_62 62.2·62.7 WPMF 1582 37 -25.0 1500 1339-1522 1413 
Wk:MB2 MB2-51 MB2 50-51 WP 1296 42 -27.0 1093-1300 1232 
Wk:MB3 MBJ-43 MB3 42-43 PC 1196 36 -27.8 1003·1256 1122 
*isotopic fractionation ~13C is expressed as %o wrt POP,± 0.2 for Waikato dates (Wk prefix to 
lab code) and ± 0.1 for NERC dates (SUERC prefix). **based on a linear interpolation using 
tephrochronological age of Taupo Tephra and existing ages. *** Calibration curve shcal 
04.14c (Southern Hemisphere calibration curve). 
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MR2 
A detailed age-depth model is constructed for this section using six of the nine AMS ages 
obtained for the sequence together with the tephrochronological age from the visible Taupo 
Tephra (Fig. 4.2.5; Table 4.2.2). In addition, two charcoal layers close to the top of the 
core are linked to two historically documented fire events on the bog in 1962 (at 12 cm 
depth) and 1972 (at I 0 cm depth). The lowest occurrence of the glass concentrations 
representing the Kaharoa Tephra also provides an additional marker at 85 cm (ea. 1314 
AD) and this fits within the age model based on 2cr age ranges from the bracketing 14C 
dates. Three of the AMS ages (22, 35, 54 cm) not used in age model on the basis that they 
resulted in overlapping near-modem ages but all 2cr distributions fit with the age-depth 
model. Only the lowest age (at 54 cm) is used to constrain a maximum age. The age 
determined from bulk peat sample from 60-65 cm (wk-16702) in the section was also 
rejected and the underlying AMS age is used because it is considered more precise based 
on its close relationship with the Kaharoa Tephra (Fig. 4.2.5). The stratigraphy and 
resulting tephra content also suggest that contamination of older material may have been 
an issue as a result of disturbance. The calibrated AMS ages are plotted using the median 
value against the midpoint ofthe depth, as recommended by Telford et al. (2004) (Hazell, 
2004; Gehrels et al., 2006). This has proved effective for previous age models constructed 
for peat sections in the region. 
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Moanatuatua Reserve core MR2 
Mr2 
AD 1972 ..... .,.,.., 
AD 1962 _ .....,...,. ... 
Taupo Tephra 
1717 13 cal yr B 
,_.. · Level " C date 
year AD 
~~il~§§~§§~~~ ~~~~~~ 
100 
§ 
160 -;; 
15.. 
~~~~~~~~~~~~~~~~~~~~~~~~~160 ~ 
2000 1800 1600 1400 1200 1000 800 600 400 200 0 
cal. yrs. BP 
Figure 4.2.5 Age-depth model for core MR2 based on a linear interpolation through the 
median ages of six AMS dates (Table 4.2.2.), tephrochronological dates on the Taupo (*from 
Sparks et al. 2008) and Kaharoa {**wiggle match date from Ho~~ et al. 2003) tephras and two 
historical charcoal layers (refer to text). Levels sampled for C dating indicated by white 
arrows in relation to stratigraphy. 
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MR7 
An age-depth model is constructed for the replicate sequence to MR2 usmg 
tephrochronological ages of the Taupo Tephra and the first occurrence of the Kaharoa 
Tephra in the sequence. These tie points at ea. AD 233 and ea. AD 1314 were used to 
calculate an approximate age for intervening shard concentrations (Fig. 4.2.7). 
MBI 
The age-depth model for this partial peat sequence taken from the margins of the reserve is 
constructed from one radiocarbon age from a bulk peat sample (Wk prefix), two AMS ages 
(dates with SUERC prefix) from plant macrofossils, and the tephrochronological age for 
the visible Taupo Tephra (Fig. 4.2.8; Table 4.2.2). The Kaharoa Tephra was not detected in 
the sections from the bog margins and as a result could not be used as an additional age 
marker. One of the AMS dates was rejected on the basis that it was discordant with age 
models derived for MB2 and MB3 based on the pattern ofglass content. It is possible that 
the charcoal in the sample was a source of contamination affecting age determination. 
Charcoal is known to retain contaminants very strmigly (e.g. mobile carbon sources in the 
sediments) (Walker, 2005). As for MR2, the age model is plotted using the median- value 
againstthe midpoint of the depth. 
MB2and MB3 
The age depth model for replicate sections to MB I were constructed from one radiocarbon 
age and the tephrochronological age for the visible Taupo Tephra as above. 
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4.2.5 Tephra derived glass-shard content 
The results of down-core tephra"derived glass shard counts from each section obtained 
from Moanatuatua Bog are presented as concentrations of glass shards calculated as 
particles per mg dry weight (mg d-wt.) for sections MR1 (Fig. 4.2.6), MR7 (Fig. 4.2.7) and 
MB 1-3 (Fig. 4.2.8). Two distinct glass shard types were recognised at the site, primarily on 
the basis of colour: clear and brown shards which were tentatively identified prior to 
geochemical fingerprinting as originating from rhyolitic and andesitic sources, respectively 
(Shane, 2000). The possible occurrence of any basaltic tephra in the peat sequences from 
this site was very unlikely for the time period investigated. Shard counts are differentiated 
on the basis of colour rather than source in the following descriptions. 
Clear shards are typically the larger of the two types of shards( -50 - 200 Jlm) consisting of 
vesicular and bubble wall glass fragments, which were isotropic under crossed polars and 
show a moderate to high degree of stretching. Brown shards were highly variable in nature 
but were typically smaller (-30-60 Jlm) and orange-brown in colour with a blocky 
morphology and poorly vesicular. Many of the shards encountered from this site contained 
abundant small crystals. These were present in two distinct forms: rod shaped microlites 
I 0-20 Jlm in length and -1-5 Jlm in diameter, and larger euhedral and subhedral crystals of 
feldspar and pyroxene, 15-20 Jlm in length and -5-I 0 Jlm wide (Sharp et al., 1996). Both 
types of crystals appear randomly oriented in the majority of shards. Variability in the 
typical character of brown shards was observed at different levels in the sections. Brown 
shards also appeared to show a greater degree of chemical weathering than clear shards. 
Weathering features of brown shards included surfacial "gaps" arising from the loss of 
microlites and feldspar crystals, and the structural break down of the shards shown by 
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fractures and pitting which could be the result of the acidic conditions of the peat (Hodder 
et al., 1991 ). Photographic examples of the shard types found in samples from this site are 
shown in Plate 4.2.3. 
Shard contents derived for each sequence are shown for clear and brown shard 
concentrations alongside measurements of organic content derived from loss on ignition. A 
measure of total shard concentrations (brown and clear shards combined) provides an 
indicator of total-derived tephra shard influx and a reference to visually compare shard 
content from the two different sources. Because of the high concentrations of glass shards 
within and immediately above the visible Taupo Tephra, the results of these shard counts 
are omitted from the diagrams for clarity. 
The glass shard content for each section is described from the base to the top of the 
sequence for clear and then brown shards. These include reference to any observations of 
shard character and morphology using descriptions based on a combination of generic and 
technical .terms for ash-sized glass shards (Heiken, 1972; Fisher & Schmincke, 1984; 
Heiken & Wohletz, 1985). 
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Figure 4.2.6 Results of glass shard concentrations derived for core MR2 shown 
alongside stratigraphy and organic content. Shard counts are shown in colour, blue 
for clear shards and orange for brown shards. The background grey line represents 
total shards, brown and clear combined. Organic content is derived from loss-on-
ignition (LOI) measurements. Light grey bands mark zones (z-i to z-iii) of elevated 
concentrations of clear shard. Darker grey bands represent elevated shard content 
for brown and clear shards. taverage concentrations of clear shards derived to 
number per mg dry wt. in sections of the core marked by vertical arrows. Key for 
core stratigraphy shown in Fig. 4.2.3. 
- 104-
Chapter 4 Waikato Sites 
~ j l t~~ ~ i ~ Jl 
::E -;s 0 r 
e ~ ~ ~ '% ~I 
0 .... 
... Q) 
0 Q. u 
fi! 0 
<:: 
0 
.... 
"' 
~ 
~ J 
0 
0 ~ !il :;! 0 ~ !il ~ 2 !;! ~ 0 0 0 ~ ~ .. ~ ~ ~ 
• 
-E 
Ill 
~ 
~ 
e 
.Q 
...... 
• 0::: :I! 
e 
-E 0 u 
"' .c: 
" .... ~ 
I I I I I I I I l 
( w:> l eoeJ.ms ...ota<~ wtap ,._ .-~---~-~~-----. 
0:: 
~ !-..--~...;....------~ 
Figure 4.2.7 Results of clear and brown shard counts for core section MR7 shown 
with organic content derived from loss on ignition (LOI) and age model (Table 
4.2.2). Shown alongside shard content derived for section MR2 to illustrate 
replicability. Grey bands mark possible tie points between the cores based on the 
pattern of shard concentrations. Refer to Figure 4.2.3 for the key to stratigraphy. 
Black arrow marks the level sampled for EMPA. 
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Figure 4.2.8 The result of glass shard counts from monolith sections MB1-3 
showing overlap between the two monoliths. Shown alongside stratigraphy (Fig. 
4.2.4), organic content and age models based on a limited set of radiocarbon dates 
{Table 4.5). Black arrow marks the level sampled for EMPA. 
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Glass-shard content MR2 
17he results of down-core glass-shard counts for sequence MR2 are shown in Figure 4.2.5. 
17he shard content derived from this section is based on analysis of 114 contiguous samples 
1-cm thick from the top of the sequence to 90 cm depth and then 2-cm thick to the Taupo 
Tephra at 150 cm. Individual glass shards were detected and counted in almost every 
sample viewed from this section containing a mix of both clear and brown shards in 
varying proportions. Concentrations of these two shard types are represented by distinctly 
different pattems down through the core. Measurements of organic content provide an 
effective gauge for tephra content for large parts of this sequence (Fig. 4.2.6). 
Clear glass shards are present throughout this section of peat with three distinct zones of 
elevated shard concentrations (z-i to z-iii in Fig. 4.2.6). Small but varying "background" 
concentrations of shards were seen - these defined as samples containing - <4 shards per 
mg d-wt. The first and lowest of the zones (z-i) of clear shards extends above the upper 
limit of the visible Taupo Tephra at 147 cm for at least - 26 cm up through the peat 
represented by fluctuating but generally very high concentrations of shards. These typically 
comprise a mix of pumiceous and striate shards of fine to medium ash size and with a 
moderate degree of vesicularity and stretching, typical of rhyolitic sourced glass shards. 
The second zone of clear shards (z-ii) forms a wide but broad spread of fluctuating shard 
content between 86 and 70 cm (a total of 16 cm) in the peat, coincident with decreases in 
LOI values. Elevated brown shard concentrations coincide with this zone of clear shards in 
this section of the core which together contribute to high total shard concentrations (dashed 
line; Fig 4.2.6) that are reflected by LOI measurements. This zone is marked by several 
'peaks' in clear shard content. The lowest of these 'peaks' at -85 cm is separated by -I cm 
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of peat where shard concentrations fall below background levels. Between 82-70 cm, 
concentrations of clear shards, however, remain consistently elevated above background 
levels. The level of maximum shard concentrations is at 70 cm, coinciding with a distinct 
decrease in LOI values. Glass shards in this section of the core comprise a mixture of 
cuspate and pumiceous shards with a moderate to high degree of stretching and 
vesicularity. Shards in this zone consist of fine-ash sized particles (-50-70 J.lm across), 
typically smaller than for the lower zone of clear shards (Plate 4.2.3 h-i). Shards appear 
well preserved throughout the zone with no distinguishable weathering features observed 
during microscopy. 
The peak of clear shards at 59- 62 cm forms a discrete concentration of shards separated 
from zii by -4 cm of peat where shard content decrease significantly but do not return to 
background concentrations. This thickness of peat (4 cm) represents in excess of 50 years 
of peat accumulation using the age-depth model as a basis for assessing accumulation rates 
in this section of the core (Fig. 4.2.9). The peak in shards is therefore likely to represent a 
separate phase of deposition. Shard morphology is comparable to morphologies of the 
previous zone of clear shards and with no discernable signs of shard weathering. 
The background concentrations of clear shards between these zones of elevated shard 
content also show an interesting change in pattern and concentrations up through the core 
which could be attributed to changes in the environment and land use surrounding the bog 
(refer to Figs. 4.2.6; 4.2.9). Between shard zones z-i and z-ii ( 121-86 cm depth; 35 cm of 
peat), clear shard content remains very low with an average of 1.06 (± 0.8) shards per mg 
d-wt. Shard concentrations return to low levels above z-iii, from 52-39 cm ( 13 cm in the 
core) with an average content of 1.09 (± 0. 7) shards per mg d-wt. 'rhe background shard 
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content, however, increases and becomes more irregular 15-3 7 cm depth with average 
shard content of 3.07 (± 2.13) shards per mg d-wt. Marking the end of this zone 
concentrations of both clear and brown shards show a distinct increase (-20 cm) that 
possibly relate to the proximity of disturbance activities. In the final phases of drainage of 
the bog, disturbance activities were likely to have been closer to core site in the remaining 
remnant. Above this disturbed zone clear shard content appear to stabilize but shard 
content is still slightly higher than determined for lower sections of the core with an 
average of 1.80 (± 0.65) shards per mg d-wt. up to the surface of the sequences. 
The content of brown shards determined throughout MR2 reveals a much less distinct 
pattern of changing shard content with typically lower maximum shard concentrations than 
rhyolitic (clear shard) counterparts. In this section, brown shards are present in almost 
continuous concentrations represented by a highly fluctuating pattern of shard content. 
Shard concentrations remain below -14 shards per mg d-wt. throughout much of the core 
apart trom one distinct peak in brown shards at 122 cm which coincides with the upper 
limit of the clear shard zone above the Taupo Tephra. The calculated shard content for this 
particular level may, however, be distorted as it is not reflected by a similar change in LOt 
values. The woody nature of peat at this levels meant that the sample extracted contained 
very little peat and this is likely to have affected the calculation of shard content 
detern1ined from the dry weight of the sample. Elevated shard concentrations persist 
throughout the sequence with noticeable increases coincident with the upper zone of clear 
shards, between 85-50 cm and at levels 35-40 cm and 7-8 cm where brown shard content 
exceeds -5 shards per mg d-wt. 
- 109-
Chapter 4 Waikato Sites 
Although the visible features of brown shards are highly variable, there are some 
distinguishing characteristics observed between some shard concentrations (Plate 4.2.3 a-g, 
j). For example, brown shards at 122 cm are quite distinct from brown shards observed at 
other levels. 'fhe 122ccm-depth shards are typically smaller (25-40 11m) and comprise a 
mix of pale yellowish-brown, moderately-vesicular shards and some very dark brown 
platy, bubble wall shards which are microlite poor. The pale brown shards (Plate 4.2.3j) 
contained very fine microlites, and some shards had rod shaped holes where microlites 
were once present, indicating chemical etching. The concentration of brown shards at 65-
80 cm contain large (50-70 flm across), pumiceous, light orange-brown shards with large 
euhedral feldspar crystals (Plate 4.2.3 g). These shards are mixed with smaller blocky 
shards with abundant microlites. At 59 cm depth brown shards are typically blocky in 
shape with a very dense microlite and crystal content (Plate 4.2.3f). A predominance of 
shards at 51-55 cm show a moderate degree of stretching and vesicularity and contain 
fewer microlites. At 38 cm depth, shards are typically blocky shaped but with very fine, 
dense microlites. There is a very varied mix of shards observed at 20-30 cm, some of 
which appeared chemically or physically weathered (Plate 4.2.3 c) suggestive of 
reworking. At 8 cm, shards range in size but many display a moderate degree of stretching. 
These shards contain very distinct contents of microlite crystals which appear to be 
orientated in the direction of stretching (Plate 4.2.3b ). Shards at the top of the sequence (0-
2 cm) comprise predominantly large (40-60 11m) and blocky shaped clasts with abundant 
microlites (Plate 4.2.3a). 
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Plate 4.2.3 Photomicrographs of various glass (tephra) shards (types and 
morphologies) observed in samples from sections MR2 (a-j) in order of depth in 
section), MR7 (k-m) and MB3 (n-o) as referred to in the text. 
All shards are photographed from glass slide setting using manual SLR camera attached to a petrographic 
microscope and viewed under plain light at x400 magnification. Black bar on each image equals 50 1-1m in 
length. Section number and depth are labelled on each image. Additional images of shards from selected 
levels are provided in the appendix. 
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Shard content MR 7 
Glass shard content derived from sequence MR7 was determined from 36, 2-cm-thick, 
contiguous samples from 74 to 144 cm depth (Fig. 4.2.7). As for MR2, both clear and 
brown glass shards were encountered in almost every sample examined from this 
sequence. The pattern of shard concentrations is very similar to that from the lower half of 
the MR2 sequence. Similarly, the subtle fluctuations in organic content in this section also 
appear to be an effective gauge to changing concentrations of glass shards, 
Two zones of clear shards are revealed in this sequence represented at comparable 
stratigraphic level to those detected in MR2 (z-i and z-ii; Fig. 4.2.6). Clear shards persist in 
very high concentrations above the Taupo Tephra (at 173 cm) up to 144 cm depth, a 
distance of -30 cm. These shards typically comprise a mix of pumiceous and striate fine-
medium ash-size grains (Plate 4.2.3 m). The second zone of clear shards appears in the 
peat at I 04 cm depth and is represented by differing concentrations of shards, peaking at 
78 cm and extending up to the top of the retrieved sequence. These shards in this second 
zone are predominantly smaller ( 40-70 11m) in size than the shards found above the Taupo 
Tephra (Plate 4.2.3 i). In the intervening section of peat between these two zones (142-106 
cm; 36 cm of peat) the·concentrations of clear shards remain <I shard per mg d-wt. 
As for MR2, brown shards are represented in almost continuous but highly variable 
concentrations with an average of9.S shards per mg d-wt in this section (Fig. 4.2.7). In two 
sections of the core, brown shard concentrations exceed I 0 shards per mg d-wt and are 
marked by distinct peaks in shard content. The lowest of these peaks is at 142 cm and, as 
with MR2, coincides with upper limit of clear shards above the Taupo Tephra. In this 
section, however, shard concentrations are significantly less prominent. Shards at this level 
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are comparable to those found in MR2 and consist of relatively small, pale yellow-brown 
coloured shards with some evidence for possible surface chemical weathering. As for 
MR2, the upper significant zone of brown shards coincides with increases in clear shards 
and forms three significant peaks up to the top of the sequence. In contrast to MR2, brown 
shards at this stratigraphic level are represented by a higher proportion of the total shards. 
A mix of shard types occurred in these levels including some relatively large (50-70 11m) 
platy and vesicular shards with fine microlites (Plate 4.2.3 k). 
Glass shard content MBl-3 
The results of down-core glass-shard counts for the three sequences MB I, MB2 and' MB3 
are shown in Figure 4.2.8. The shard contents derived from these sections are based on 
analysis of27, 23 and 22 contiguous, 2-cm-thick, samples (respectively) from the top of 
the sequence (below undisturbed peat) to -10 cm. above the Taupo Tephra. For all .sections 
this analysis includes replication from the overlap between monoliths. As for previous 
analyses from this site, individual glass-shard particles were detected and counted in· 
almost every sample viewed containing a mix of both clear and brown shards. 
For all three sections the records of changing shard content for clear and 'brown shards 
were similar. The clear shards in all sequences are shown to extend upwards in the peat at 
least 20 cm above the visible Taupo Tephra in high but steadily declining quantities. 
Above that point in all cores clear shard concentrations remain at <I shard per mg d-wt. up 
to the top of the sections. There is no evidence in any of the sequences for the additional 
zone of clear shards detected in sequences from the reserve. It is therefore most likely that 
the section of peat containing this tephra has either become incorporated into the ploughed 
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soil on the surface of the peat, or oxidized and lost completely. This would represent a loss 
of at least one metre of peat if compared with the records from the reserve. 
Brown shard content in the sections is represented by three to four zones which exceed 
average shard concentrations of -4 shards per mg d-wt. (varies between sections). The 
lowest of these zones in all three sequences coincides with the final decline in clear shard 
concentrations above the Taupo Tephra. The same pattern is observed in the two sequences 
from the reserve ~MR2 and MR7; Fig. 4.2.7). Shards found at this stratigraphic level are 
also typically small (25-40 11m), pumiceous and dark brown (Plate 4.2.3 o). This 
concentration of brown glass is also bracketed by two closely spaced charcoal layers in all 
three sequences. In M82, the peak in shards is not as distinct as in the other sections and it 
is possible that the calculation of concentration was affected by the abundant charcoal 
particles in the sample. It is equally possible, however, that the deposition of the tephra 
was unevenly distributed on the bog surface. 
Additional 'concentrations' of brown shards are represented at the very top of sections 
M 82 and M83 but are not observed at MBI which represents a shorter preserved sequence 
above the Taupo Tephra. There is a variety of shard types in these levels including some 
relatively large (50-70 11m) platy and vesicular shards with fine microlites. There are also 
two to three less prominent increases in brown shards amounting to 2-6 shards per mg d-wt 
evident in all three sections. General observations of brown shards in these sections 
revealed a much greater degree of chemical etching and loss of many of the microlites, 
particularly in shard concentrations close to the top of the weathered surface (Plate 4.2.3 n) 
where the peat is likely to have been most affected by disturbance. 
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4.2.6 Geochemica/ character, correlatives and interpretation 
The results of major element composition of cryptotephra populations sampled from 
Moanatuatua Bog are based on 21 samples comprising 213 individual analyses determined 
by electron microprobe analysis. These include 19 samples from section MR2 (shown by 
numbered levels in Fig. 4.2.9 which correspond with sample numbers detailed below) with 
a few selected levels from the other sequences at the site. For this site the most complete 
sequence MR2 is used as a 'master section' for the analysis of glass-shard major element 
geochemistry. Table 4.2.3 provides a summary of analysis for glass populations from each 
level sampled. Table 4.2.4 provides a summary of the identified sources and eruption 
correlatives for each level together with interpolated age range and reference sources for 
tephra ages and geochemistry. The bivariate plots of selected oxides from this analysis are 
shown in Figures 4.2.10 and 4.2.11 and represent the most diagnostic oxide combinations 
to differentiate between individual geochemical populations for these types and sources of 
tephra (Shane, 2000). Other elements were, however, considered in correlating deposits 
and for distinguishing between individual populations. All analysis presented here have 
been normalized to I 00 weight (wt.) % loss free basis to account for hydration which is 
common practice for the analysis of New Zealand tephras (Froggatt, 1992; Shane, 2000) 
and is now recommended for all tephra analysis by EMP by Pearce et al. (2008). The 
following descriptions of these analyses also refer to normalized values. Raw, non-
normalized analyses can be found in appendices ii in this thesis. 
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Figure 4.2.9 Results of glass shard concentrations derived for core MR2 shown 
alongside, stratigraphy, organic content and age depth model. Shard counts and 
LOI are shown as for Fig. 4.2.6. Grey bands represent significant glass 
concentrations. The age-depth model is based on a linear interpolation through the 
median ages of six AMS dates (Table 4.2.2.), tephrochronological dates on the 
Taupo (*from Sparks et al., 2008) and Kaharoa (**wiggle match date from Hogg et 
al., 2003) tephras, two historical charcoal layers (refer to text) and limited by AD 
1900 date marking the impact of large scale drainage shown by drop in LOI and 
supported by changes in stratigraphy (see text). Positions sampled for 14C dating 
and EMPA are indicated by arrows. Numbered arrows indicated for EMPA 
correspond with sample numbers in Tables 4.2.3 and 4.2.4. Age model show time 
lines of significant anthropogenic events, (sources of dates: 1 Shearer (1997); 
2Lowe et al., (2000); 3 Taylor et al., (1997) and references therein. 
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Figure 4.2.10 Bivariate plot of K20 versus Si02 (wt%) glass composition from core 
MR2, Moanatuatua Bog: (a) 2-54 cm; (b) 58-85 cm; (c) 116-145 cm and section MB1 53 cm 
(see Figs. 4.2.7 and 4.2.8 for sampling positions) using electron microprobe analysis. 
Ranges A-D = compositional ranges of: A = Taupo Tephra (unit V), B = Kaharoa Tephra 
(OVC) (from Lowe et al., 2008); C = Tongariro VC Tufa Trig Formation (Tf) members 5, 8, 14, 
19 from Donoghue et al., (1997); D =·Egmont sourced glass (Burrell Lapilli) from Platz et al., 
(2007). Envelopes are shown for visual comparison. 
The major element composition of glass samples from this site reveal both acidic rhyolitic 
(Si02 = > 69 wt.%) and intermediate glasses (Si02 = 58-69 wt.%) and confinns the initial 
identification for clear and brown shards (Table 4.2.3; Fig. 4.2.1 0). The analyses for both 
types of tephra-derived glasses are comparable to previously obtained compositional 
ranges for TVZ eruptives (Shane, 2000; Lowe et al., 2008b) (Fig. 4.2.10). For rhyolitic 
shard analysis total alkalis (K20 and Na20) were especially in accord with previously 
recorded values and suggest that there has been no significant chemical alteration for these 
shards resulting from the acid conditions in the peat or from sample pre4reatments 
(Hodder et al., 1991; Blockley et al., 2005). With limited geochemistry available for 
intem1ediate tephras the alteration of glass composition due to chemical weathering was 
uncertain. 
The analysis of rhyolitic glass reveals a range of compositions (Si02 72-78 wt.%) with low 
standard deviations (range 0.17-0.94 wt.%) for individual glass populations (Table 4.2.3; 
Fig. 4.2.8). Raw analytical totals range from 93.3 to >lOO wt.%, with an average total of 
97.9 wt.%. Analyses were not, however, rejected on the basis of analytical totals which are 
known to vary considerably for rhyolitic TVZ eruptives (Lowe et al., 2008b). For these 
glasses major element composition was sufficient to identify two distinct populations from 
Taupo and Okataina volcanic centres and preclude a small number of older reworked 
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tephras from analysis (Fig. 4.2.10) based on diagnostic oxide combinations. These analyses 
confirm the identification of the visible Taupo Tephra in this site and for the first time, the 
presence of the Kaharoa Tephra represented by the additional zone of shards recorded in 
the sequence. Small quantities of glass shards from both rhyolitic tephras are found 
throughout the peat above the main concentrations of the tephras up to very top of the 
sequence (Fig. 4.2.1 0). These represent the main background source to concentrations of 
glass representing primary fall deposits. 
Intermediate glass populations consist predominantly of dacitic glasses (Si02 = 63-69 
wt.%) with at least one population with an andesitic chemistry (Si02 = 57-63 wt.%) and a 
few individual analyses fitting into trachy-dacite and trachy-andesite chemistries (Fig. 
4.2.1 I a). Individual populations typically comprise a heterogeneous set of glass analyses 
(Si02 = 58.7-71.0 wt.%; Na20 + K20 (total alkalis)= 4.78-7.89 wt.%) characterized by 
high standard deviations for individual oxides (e.g. SD: 0.75-2.14 for Si02; Table 4.2.3) 
compared with rhyolitic counterparts. Raw analytical totals for these glasses, however, 
remained consistently high ranging from 97-100 wt.% with an average of98.6 wt.%. These 
high totals suggest that hydration have not unduly affected these glasses which are 
typically more vulnerable to chemical weathering than rhyolitic glasses (Hodder et al., 
1991). 
The majority of dacitic glasses were characteristic of tephras of the Tu fa Trig Formation 
from Ruapehu volcanic centre (Si02= av. 63.0 wt.%; total alkalis = av. 6.5 wt.%) 
(Donoghue & Neall, 1996) (Fig. 4.2.11 ). These tephras represent eruption activity of 
Ruapehu volcano subsequent to the Taupo Tephra eruption (1717 ± 13 cal yr BP; Sparks et 
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al., 2008) which are geochemically distinct from preceding Ruapehu eruptives (Donoghue 
& Neall, 1996). As with previous Tongariro VC-derived members detected in distal 
deposits these analyses are likely to plot within the high-Si range of tephra deposits from 
proximal sites and from whole rock analysis (Lowe, \988b; Froggatt & Rogers, 1990; cited 
within Shane et al., 2002). Egmont-sourced tephm, which typically have much higher K20 
composition, were not evident from the analyses from this site. All intermediate glasses 
were evaluated for "contamination" from microlite phases using procedure by Platz et al. 
(2007) which estimates plagioclase proportions in contaminated glass (Fig. 4.2.11 b). 
Outliers affected by microlite contamination or analytical error were also identified using a 
range of plots of incompatible oxides (e.g. Fe02 v Ah03 and K20 v Ah03; Figs. 4.2.11 b, 
c) (Piatz et al., 2007). 
There is a limited number of published compositional data or age determinations for recent 
andesitic sourced tephras and correlation is uncertain for many andesitic ash-fall events 
(Donoghue et al., 2007). Identifications of individual populations are, as a result, tentative 
and attributed to individual eruptives based on a number of factors that includes any 
compositional disparity or distinctness, where possible, together with sti"atigraphic position 
and likely age where the age range for a deposit is well constrained. Where possible these 
attributes are linked with available compositional data for Tf members sampled from 
proximal sources (Donoghue et al., 1995b; 1997; 2007). Consideration of potential Tf 
candidate correlatives is also given to the thickness of the deposit in proximal sequences 
which are thought to have resulted in more widespread dispersal (Donoghue et al., 1995b). 
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The dispersal range of the thin Tf members was thought to have been limited to the ring 
plain of the volcano (Donoghue et al., 1995b). Compositional ranges from these tephra 
units are plotted for the niean and standard deviations in Figure 4.2.11 (d). However, direct 
correlation between these published datasets and analyses obtained from the sites presented 
here remain tentative. With only a limited set of published analyses any inaccuracies 
cannot be ruled out. Differences in analytical conditions may also limit correlation as well 
as possible discrepancies between the composition of proximal and distal deposits. 
Interpolated age ranges for all tephra units described below are based on 2cr ages ranges 
derived from the age-depth model for individual sections unless otherwise stated (Figs. 
4.2.7, 4.2.8 and 4.29) (see section4.2.6). 
The following descriptions refer to numbered samples shown in Figure 4.2.9. 
Sample 1 (MR2 0-2 cm): TnG VC, Ruapehu, June 171/r 1996 
A sample from the very top of the sequence (Fig. 4.2.9) was analysed to test for evidence 
that very light ash fall from the most recent eruption from Mt Ruapehu ( 1995-1996 
activity; Tufa Trig member Tf 19) is preserved at the site. The sample obtained from the 
top 2 cm of peat recovered abundant, brown glass for analysis of major element 
geochemistry. The results of this analysis revealed the brown shards to be of dacitic 
chemistry with a relatively heterogeneous glass composition (Si02= 65.35 (SD 1.03); FeO 
= 6.25 (0.42); K20 = 2. 75 (0.64)) (Table 4.2.3; Figs. 4.2.1 0; 4.2.11 ). A number of outliers 
in the analyses were encountered, and were attributed to contamination from the abundant 
microlites that were very distinct in this particular glass population (Piatz et al., 2007). 
With the outliers removed the glass population showed at least one relatively homogenous 
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cluster of analyses (Fig. 4.2.11 d). The majority of these glass analyses do, however, fit 
within the compositional envelope for recent Mt. Ruapehu derived tephras of the Tu fa 'f:rig 
Formation (as derived from 'Tufa Trig members Tf 2, 4-6, 9, 10, 14 and 19; Fig. 4.2.11) 
(Donoghue et al., 1997) and overlap with analyses from several additional levels in the 
section. In addition, it was not likely that the shards were derived from reworking of 
preexisting deposits in the peat because the glass population is geochemically distinct from 
that of the underlying shard population at 8 cm (sample 2). 
There are three sets of published glass compositional data that exist for the most recent ash 
falls· from Mt Ruapehu which provides possible means of correlating the analyses derived 
from the uppermost sample in the core (Fig. 4.2.11a). These include EMPA of samples 
from two episodes of ash fall in October 1995 ( ll-12'h and 14-15'h) from Donoghue ( 1997) 
and Platz et al. (2007) ( 14'11 October) which result in slightly different compositional 
ranges possibly resulting from differences in analytical conditions (Fig. 4.2.11 d). The 
analyses from Platz et al. (2007) were screened for contamination by microlite phases. 
However, only a few analyses from sample I appear to overlap with the compositional 
range derived for this early phase of Tfl9 from these studies which result in slightly lower 
mean Si02 values: 63.25 (SO: 1.91) (Piatz et al., 2007) (Table 4.2.3). This variation could 
result from variations discussed above, i.e. including small differences in analytical 
conditions. Alternatively, Donoghue et al. (2007) noted compositional differences between 
the different eruption phases of the eruption episode (e.g. Donoghue et al., 2007). The.only 
analyses from the widespread 1996 ash fall event were derived by XRF on bulk samples 
(Gamble et al., 1999), which is less useful for direct correlation (Fig. 4.2.11). The only 
additional data available for the recent eruptive deposits were derived as part of this recent 
study. 1 collected a 1996 tephra sample from the flanks of Ruapehu volcano in 2005 (Table 
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4.2.3). This sample was considered very likely to contain predominantly glass from the 
1996 ash fall events from the volcano (Gamble et al., 1999). Glass from the sample was 
analyzed using the same analytical conditions as glass from the peat samples. The resulting 
analyses form a distinct cluster (Si02 = 64.77 (SD 1.46); K20 = 2.69 (0.68)) which 
encompasses the compositional ranges for the majority of TnG derived glasses analysed 
from the peat site including those of sample I. 
lt was very likely that ash was deposited on the bog during the 1996 Ruapehu eruption. 
The climactic episode of the eruption from Mt. Ruapehu culminated in a large ash plume 
being generated on 17th June 1996. This was one of the largest recorded (historical) 
eruption events from Mt. Ruapehu since the 1945 eruption with a Volcanic Explosivity 
Index (VEl) of 3 and tephra volume -5 x I 06 m3 (Siebert & Simkin, 2002-; Cronin et al., 
2003 ). On June 16th the ash plume was transported by strong southerly winds dispersed ash 
over a wide areas > 300 km from the volcano in a predominantly east, north east direction 
(Cronin et al., 2003). Ash falls a few millimeters thick were recorded within 150 km of the 
volcano, but as reported by Johnston et al. (2000), fine deposit of ash were reported in 
newspaper accounts as far as 200 km from source in a northeast direction with fine ash 
recorded at Hamilton airport (located near Moanatuatua Bog). In Hamilton, there were also 
reports of air conditioning unit malfunctions at the time of the eruption which were 
attributed to fine tephra (Dr Richard Smith, pers. comm., 2008). This would suggest that 
although the tephra were very fine it is likely to have resulted in deposition on the surface 
of the bog. It does, however, remain possible that some of the glass population from 2 cm 
in the peat represents a combination of both primary fall deposits as well as reworked 
deposits from older Tf members. 
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Figure 4~2.11 Blvarlate plots of normalized analyses from MR2 and MB1. All data are 
normalised to 100% loss-free. (a) Total alkali-silica diagram (TAS; after Le Bas et al. 1986) 
showing compositions of brown glass from section,MR2 against composltlonal envelope for 
Tufa Trlg members after Donoghue et al. (1997, 2007). (b) Plot of FeO versus Al20 3 used 
to identify glass analysis contaminated by plagioclase microlltes. Note that dashed 
line represents mean compositional value for microlite plagioclase from Mt 
Ruapehu tephras. Solid line marks the threshold value for plagioclase 
contamination following Platz et al. (2007). (c) Plot of alkalis for all data (rhyolitic 
and andesitic) showing distinct outliers within main chemical populations. (d) FeO 
versus Si02 for brown glass analyses separated into three sections of the sequence 
with depth (2-54 cm. 58-80 cm, and 116-126 cm). 
• Compositional ranges for Ruapehu Tufa Trig (Tf);members Tf2, 4-6. 9, 10, 14 and 19 from Donoghue et al. 
~2007; data presented are normalized 1to.loss free basis). 
Tephra, sample taken from the flank of Mt Ruapehu in 2005. 
< Mean and standard deviation of compositions derived from widespread Tufa Trig Formalion,members from 
Donoghue et al. (1997; 2007; normalised to loss free basis). Data points represent mean and standard 
deviation. Tf19 from Donoghue et al., (2007) includes only glass from 11-15 .. October 1995 fall event. 
d Composilional range of Mt . Ruapehu derived glass from 141h October 1995 eruption corrected for microlite 
contamination. Data points represent mean and standard deviation. 
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Table 4.2.3 Electron microprobe analyses of tephra-derived glass shards from 19 
sample depths in core MR2 and 3 samples from MB1 and MR7, Moanatuatua Bog 
Sampling positions for MR2 are shown in Figure 4.2.9; MB1 shown in 4.2.8 and for 
MR7 in Fig. 4.2.7. Means (in bold) and standard deviations of total number (n) 
analysis (of individual shards) normalized to a 100% loss-free basis (wt%). 
Analysis undertaken at NERC Tephra Analytical Unit, University of Edinburgh, 
February and June 2007. Proximal sample collected from Mt. Ruapehu in 2005 
representative of recent ash falls. tMean values for independently characterized 
laboratory standards. TB1G and Lipari analysed at 3-4 hours intervals during 
analyses of glass samples from this site. Full details of standards including inter-
laboratory statistics are provided in the appendices. 
Anal.no. 
Core/depth 
Source 
(Teplva) 
SiO, 
AI,O, 
no, 
FeO' 
MnO 
MgO 
CaO 
Na20 
K,O 
P,O, 
H,O .. 
n 
Anal. no. 
MR2/2cm 
TnOVC 
Tf18 June 1!196 
65.34 1.03 
14.12 0.59 
1.12 0.08 
6.25 0.42 
0.10 0.07 
1.68 0.44 
4-33 0.44 
4.08 0.49 
2.75 0.64 
0.23 0.03 
1.49 0.55 
13 
8 
2 3 
MR2/Icm MIU/21cm 
TnOVC TnOVC 
Ngauruhoe 1874 Tf, lncl1845? 
61.57 1.40 64.18 1.48 
14.09 1.18 14.71 1.35 
1.27 0.18 
8.74 0.94 
0.12 0.07 
2.47 1.12 
5.93 0.60 
3.59 0.35 
1.94 0.25 
0.27 0.05 
1.22 0.44 
11 
8b 
1.16 0.13 
6.40 1.12 
0.10 0.06 
1.69 0.76 
4.77 0.77 
4.02 0.28 
2.75 0.45 
0.22 0.04 
1.24 0.87 
14 
9a 
4 
MR2/31cm 
TnOVC 
Tf, Feb, 1861 
64.52 1.25 
14.29 0.60 
1.14 0.06 
8.47 0.61 
0.12 0.04 
1.91 0.74 
4.61 0.48 
3.86 0.70 
2.87 0 .28 
0.21 0.04 
1.00 0.55 
14 
9b 
5 6 
MR2/52cm MR2/54c:m 
TnOVC TnOVC 
Tfl+ 
64.08 1.03 64.01 1.05 
14.42 0.52 14.78 0.66 
1.12 0.10 1.10 0.11 
6.79 0.49 6.43 0.55 
0.11 0.07 0.08 0.05 
1.90 0.28 1.90 0.26 
4.78 0.42 4.72 0.48 
3.94 0.21 
2 .. 66 0.25 
0.21 0 03 
1.42 1.54 
15 
10a 
4.06 0.11 
2.73 0.28 
0.21 0.03 
1. 18 0.43 
10 
10b 
Core/depth MR21&1 cm MR2/&3cm MR2172 cm 
Source 
(Teplva) 
SiO, 
AI,O, 
no, 
FeO' 
MnO 
MgO 
CaO 
Na20 
K,O 
P,O, 
H,O" 
n 
TnG VC Okatalna TnG VC Okatalna TnG VC Okalalno 
Tta + Klhoroa T. Tta + K1haroa T. Tf6 + Kaharoa T. 
64.43 0.86 77.97 0.25 63.81 1.50 77.97 0.21 63.25 0.75 77.63 0.57 
14.15 0.44 12.06 0.06 14.34 0.53 12.19 0.14 14.39 0.59 12.14 0.07 
1.14 0.09 0.08 0.05 1.10 0.06 0.08 0.04 1. 11 0.10 0.09 0.02 
6.48 0.47 0.88 0.08 6.75 0.50 0.75 0.12 6.37 0.39 0.88 0.12 
0.09 0.06 0.04 0.02 0.12 0.11 0.06 0.03 0.11 0.08 0.05 0.06 
2.06 0.31 0.07 0.01 2.15 0.40 0.07 0.01 2.09 0.31 0.01 0 01 
4.73 0.41 0.82 0.03 4.89 0.41 0.80 0.04 4.89 0.31 0.&0 0.02 
3.77 0.41 4.24 0.10 3.81 0.07 4.18 0.11 3.12 0.27 4.09 0.11 
2.89 0.46 4.06 0.10 2.81 0.06 4.11 0.11 2.71 0.33 4.05 0.07 
0.26 0.04 bd 0.22 0.04 0.00 0.02 0.24 0.03 bd 
1.63 0.97 1.55 0.80 0.76 0.70 0.50 0.62 1.26 0.63 0.77 0.48 
9 5 3 11 10 9 
7a 7b 
MR2/51cm 
TnO VC Okatalna 
Tfl + Kahan:>a Tephra 
64.27 1.03 77.56 0.88 
14.27 0.83 
1.12 0.16 
6.63 0.96 
0.07 0.06 
1.95 0.50 
4.87 0.54 
3.84 0 .. 21 
2.73 0.34 
0.26 0.05 
1.21 0.52 
9 
11a 
MR2174cm 
12.04 0.28 
0.10 0.08 
1.01 0.39 
0.05 0.06 
0.10 0.06 
0.79 0.30 
4.16 0.19 
3.78 0.47 
0.00 0.02 
1.51 1.43 
9 
11b 
TnG VC Okltalna 
Tf6 + Kahoroa T. 
62.78 0.53 77.68 0.17 
14.54 0.09 12.19 0.14 
1.10 0.03 0.08 0.02 
6.92 0.32 0.86 0.10 
0.16 0.12 0.04 0.07 
2.40 0.21 0.07 0.01 
5.21 0.26 0.60 0.04 
3.95 0.45 4.28 0.14 
2.11 0.19 4.18 0.08 
0.23 0.06 bd 
1.18 0.43 1.41 0.98 
4 13 
*Total iron as FeO: •• Water by difference: bd= below detection. TnG VC, Tongariro Volcanic Center. 
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Table 4.2.3 Continued. 
Anal.no. 12 
Core/depth MR2l76c:m 
Source 
(Tephra) 
SIO, 
Al,O, 
TlO, 
FeO" 
MnO 
MgO 
CaO 
Na20 
K,O 
P,O, 
H,O .. 
n 
Anal.no. 
Core/depth 
Source 
(Tephra) 
SIO, 
Al,O, 
T.O, 
Feo· 
MnO 
MgO 
CaO 
Na20 
K,O 
P,O, 
H,o·· 
n 
Anal.no. 
Sample 
SIO, 
AI,O, 
no, 
FeO 
M nO 
M gO 
CaO 
Na,O 
K,O 
P,O, 
H,O 
n 
OluotaiM 
Kaharoa T. 
n .19 5.82 
12.24 3.06 
0.09 0.36 
0.81 1.66 
0.06 0.06 
0.07 0.67 
0.59 1.95 
4 .18 0.96 
4 .17 1.03 
0.00 0 .10 
1.23 1.20 
12 
17a 
MR2/126cm 
TnGVC 
Tf1+ 
68.50 1.14 
13.36 0.61 
1.13 0.17 
5.32 0.67 
0.06 0.05 
1.04 0.23 
3.58 0.46 
3.70 0.32 
3.03 0.33 
0.27 0.04 
1.50 0.71 
9 
Proximal sample 
Ruapehunank 
64.n 1.46 
14.62 1.64 
1.04 0.17 
6.24 1.28 
0.10 0.09 
1.49 0.38 
4.88 0.95 
3.90 0.61 
2.69 0.68 
0.26 0.06 
0.95 0.84 
8 
13a 
MR2180cm 
TnGYC 
Tie+ 
64.28 2.11 
14.50 1.10 
1.13 0.16 
8.52 0.62 
0.11 0.06 
1.87 0.59 
4.85 0.93 
3.64 0.35 
2.88 0.34 
0.28 0.04 
1.59 0.75 
8 
17b 
Taupo 
TaupoT. 
76.02 0.68 
12.81 0.29 
0.24 0.07 
1.85 0.24 
0.09 0.07 
0.24 0.05 
1.49 0.15 
4.32 0.30 
2.90 0.17 
0.03 0.02 
3.38 1.3 1 
14 
13b 
OUblna 
K.moro.T. 
78.20 0.45 
12.14 0.14 
0.08 0.03 
0.85 0.11 
0.11 0.04 
0.07 0.01 
0.62 0.05 
3.89 0.29 
4.04 0.16 
0.00 0.03 
0.86 1.14 
14 
18 
MR2/131cm 
Taupo 
TaupoT. 
75.96 0.34 
12.82 0.28 
0.26 0.04 
1.95 0.20 
0.13 0.08 
0.25 0.02 
1.59 0.05 
4.12 0 .. 29 
2.88 0.08 
0.04 0.02 
3.98 1.45 
9 
14 
MR2185cm 
OlullaiM 
~haroaT. 
n.74 o .. 29 
12.27 0.15 
o.oe 0.02 
0.88 0.09 
0.06 0.06 
0.07 0.01 
0.82 0.05 
4.13 0.13 
4.16 0.11 
0.00 0.03 
1.16 1.64 
10 
11 
MR21145 cm 
Taupo 
Taupo T. 
75.74 0.94 
12.87 0.24 
0.28 0.06 
1.98 0.27 
0.10 0.06 
0.26 0.07 
1.57 0.22 
4.18 0.34 
3.02 0.60 
0.03 0.02 
3.57 1.97 
11 
Standards! 
TB1G 
53.88 0.22 
16.17 0.17 
0.89 0.05 
8.55 0.26 
0.19 0.07 
3.62 0.04 
6.89 0.12 
3.32 0.07 
4.44 0.08 
0.60 0.03 
Total 98.54 0.48 
41 
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15a 
MR2/116c:m 
TnGYC 
Tf5 + 
87.95 2.00 
13.59 o.n 
1.08 0.16 
5.47 0.79 
0.09 0.04 
1.27 0.36 
3.65 0.65 
3.70 0.25 
2.98 0.29 
0.23 0.04 
1.76 0.38 
8 
Llpari 
74.19 0.23 
12.84 0.08 
0.07 0.03 
1.60 0.13 
0.06 0.08 
0.04 0.01 
0.75 0.04 
4.17 0.08 
5.19 0.09 
0.00 0.03 
98.92 0.32 
41 
15b 
Toupo 
Toupo Tophra 
76.05 1.21 
12.68 0.41 
0.23 0.08 
1.78 0.58 
0.08 0.06 
0.23 0.09 
1.48 0.30 
4.35 0.37 
3.08 0.47 
0.04 0.03 
2.54 1.78 
6 
• 
MB1/54cm 
TnGVC 
Tf5 
68.72 1.83 
13.47 0.53 
0.97 0.20 
5.10 1.06 
0.12 0.06 
1.08 0.28 
3.54 0.57 
3.70 0.25 
3.07 0.36 
0.23 0.07 
0.65 0.35 
9 
BCR2G 
53.49 0.18 
13.09 0.13 
2.41 0.06 
13.09 0.33 
0.18 0.07 
3.69 0.02 
7.26 0.11 
3.23 0.06 
1.78 0.05 
0.37 0.03 
98.59 0.41 
10 
Waikato Sites 
16a 
MR2/12l cm 
TnGYC 
Tf5 
88.38 2.14 
14.61 1.99 
0.92 0.12 
4.58 0.99 
0.07 0.08 
1.06 0.44 
3.70 1.74 
4.05 0.30 
3.32 1.42 
0.20 0.03 
2./U 0.49 
6 
b 
Taupo 
Toupo T. 
75.n o.45 
12.84 0.27 
0.25 0.04 
1.96 0.11 
0.07 0.08 
0.25 0.04 
1.48 0.13 
4.51 0.21 
2.85 0.13 
0.02 0.02 
1.15 1.10 
9 
73.47 0.18 
12.16 0.05 
0.18 0.03 
3.10 0.25 
0.10 0.07 
0.05 0.01 
0.37 0.03 
5.67 0.09 
4.60 0.09 
0.00 0.03 
99.72 0.26 
10 
16b 
Toupo 
ToupoT. 
73.85 1.15 
12.30 0.36 
0.25 0.07 
1.78 0.43 
0.15 0.06 
0.24 0.07 
1.42 0.21 
4.08 0.34 
2.80 0.17 
0.03 0.03 
3.09 0.50 
6 
MR7/90cm 
Okatalna 
Kanaroa T. 
n .s2 0.87 
11 .97 0.31 
0.11 0.07 
0.92 0.35 
0.07 0.07 
0.09 0.07 
0.69 0.30 
4.16 0.20 
4.05 0.40 
0.02 0.02 
1.00 1.36 
12 
S.OBS 
76.91 0.32 
12.44 0.06 
0.09 0.05 
0.62 0.15 
0.12 0.05 
0.05 0.01 
0.46 0.04 
4.23 0.07 
4.81 0.09 
-0.02 0.02 
99.75 0.37 
10 
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Sample 2 (MR2 7-8 cm): TnG VC, Ngauruhoe, !9'h Februmy, 1975, with reworked Taupo 
glass shards 
The sample from 8 cm depth in core MR2 marks a discrete peak in glass concentrations 
observed to contain well preserved, microlite rich, brown shards (Plate 4.2.3b ). EMP 
analysis reveals a moderately homogenous glass population with an andesitic chemistry. 
This forms a population distinct from other brown glasses in the sequences which are 
predominantly dacitic in composition (Fig. 4.2.1 0 a, d). The composition of this glass set is 
characterized by lower values of K20 ( 1.94, SO 1.40) and Si02 (61.57, SO 1.40) and 
higher FeO (8.74, SO 0.94 %). Tephras with andesitic chemistry and high FeO are 
characteristic of tephras from the Tongariro volcano and adjacent Ngauruhoe cone 
(Donoghue et al., 1995b; Cronin et al., 1996a; Donoghue et al., 1997; Hobden et al., 
2002). Tephras from these volcanoes erupted since the Taupo eruption of AD 233 are 
defined as the Ngauruhoe Formation (Hobden et al., 2002). 'fhe sample also contains a 
relatively minor component of rhyolitic shards (four grains analyzed) that ·correlate with 
Taupo Tephra (Fig. 4.2.9). These most :likely represent deposits remobilized and re-
deposited from disturbed. exposures of the tephra in nearby drainage ditches. 
Identifying potential correlatives for this andesitic population is facilitated by both the age 
constraints, historical records of ash fall distribution as well as the distinctive geochemical 
composition. This tephra unit stratigraphically overlies a charcoal layer at 10 cm depth 
which can be linked to the last fire event on the reserve in 1972 (Ciarkson, 1997) which 
limits deposition to within the last 35 years. A linear interpolation on the age-depth model 
between 1971 and the surface of the peat section (collected in 2005) would suggest that the 
concentration of glass was actually deposited before 1980 (Fig. 4.2.9). During this time 
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period ( 1972-1980) there was only one significant eruptive event from the TnG VC which 
could have resulted in widespread ash deposit. Between 1974 and 1975 the Ngauruhoe 
volcano (part ofthe TnGVC) erupted with series of intermittent block-and-ash flows which 
culminated in a large ash eruption on 191h February 1975 (Nelson, 1975; Nairn & Self, 
1978; Hobden et al., 2002). This was one of the largest events recorded from the volcano 
in historical times with a VEl 3 and with an estimated tephra volume of -3.7 x 106 m3 
(Nelson, 1975). Observations of the eruption event by Nelson ( 1975) record an ash plume 
-8 km above the crater rim, which, facilitated by strong southerly winds on the day, was 
blown across the Waikato Region in a narrow course at least as far as Hamilton. ln 
Hamilton City a fine grained brown ash was observed to form a near-continuous covering 
over the surface (Donoghue et al., 1997; Prof. David Lowe pers. comm. 2008). lt is 
therefore very likely that it was also deposited on the site which is within the known 
trajectory and a little closer to the actual source. Comparisons with chemistry derived from 
the ash collected on the day of the eruption from Hamilton using XRD (Nelson, 1975) also 
shows very good correspondence particularly for low K20 values ( 1.8 % (wt., un-
normalized) in the 1975 sample, compared with -1.9% (.wt., un-normalized) for the glass 
from the peat sample) and high FeO values. XRF analyses of the pyroclastic deposits from 
the eruption by Hobden et al. (2002) revealed a similar composition characterized by high 
FeO (8.49 wt.%) and low K20 (1.33 wt.%) compared to XRF analyses from preceding 
Ngauruhoe tephras and Ruapehu derived Tufa Trig members (Gamble et al., 1999). A 
very recent study of Ngauruhoe deposits demonstrated with EMP of glass separates that 
tephra from Ngauruhoe source could be distinguished from Ruapehu by distinctly higher 
values of FeO (Mob is et al., 2008). 
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Sample 3 (MR2 27-28 cm): TnG VC derived Tftephras with reworked grains from Taupo 
and Kaharoa tephras 
Analysis of glass shards from this sampling position was undertaken to gauge the possible 
impact of disturbance activities adjacent to the site on resulting concentrations of glass 
preserved in the peat. The sample from 28 cm marks the midpoint of the section of peat 
(20-40 cm) representing the time interval -mid 1800s to mid 1900s (Fig. 4.2.9). This time 
period was characterized by large scale drainage activities at the site including frequent 
and related fire events. For this interval of peat, abundant brown and clear shards were 
recorded during microscopy but are not represented by distinct fluctuations in changing 
shard content characteristic of discrete depositional events (Fig. 4.2.9). The analyses of 
shards from this level reveal dacitic glass population equally mixed with a significant 
background component of rhyolitic shards (7 out of 21 shards analyzed) (Fig. 4.2.11 ). The 
dacitic glass population consists ofa heterogeneous set of glass analyses that fall within the 
compositional range for the Tu fa Trig tephras from Ruapehu (Donoghue et al., 1997; 
Donoghue et al., 2007). Within this population it is possible to identify a bi- (or possibly 
multi-) modal composition comprising at least one distinct clusters of analyses (Fig. 4.2.11 
d). These represent a combination of glass compositions that can be compared to a number 
of populations identitied in older stratigraphic levels in the core (e.g. samples 4 and 5). It 
is therefore likely that this sample is dominated by contributions from one or more 
reworked deposits. It is also possible that this multimodal composition represents 
heterogeneity arising from magma mingling during one eruption event as seen for dacitic 
glass populations in additional levels in the sequence. Possible sources of primary fall 
deposits for this level could include one or more significant (VEl> 2), tephra-generating, 
eruptions from Mt. Ruapehu that occurred in the late 1800s and early 1900s (Gregg, 1960 
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and references therein). Such eruptions include the large ash eruption from Mt Ruapehu in 
1945 which was of a similar magnitude to the I 996 event (Johnston et al., 2000). The 
ejecta within the 1945 eruption column was observed to reach >1000 feet (-300 m) above 
the crater wall and is likely to have been transported in the stratospheric winds across the 
island (Gregg, 1960; McSaveney et al., 2007), Published compositional data from the I 945 
and other historical eruptives from Mt Ruapehu have been determined by XRF (Gamble et 
al., 1999). These data (on bulk samples) show the 1945 eruptive to be quite distinct from 
subsequent eruptives but very similar to preceding (pre-historic) eruptives. Disturbance 
and remobilization of one or more of these tephras deposited on or preserved close to the 
surface could account for the pattern of tephra shards detected in the peat at Moanatuatua. 
The shards of rhyolitic glass in the sample correlate both with Taupo and Kaharoa tephras 
in similar proportions (Fig. 4.2. I 0). These tephras are both present at deeper levels in the 
peat and are likely to have been remobilized and re-deposited as a result of modem 
disturbance adjacent to the site. 
Sample 4 (MR2 38-40 cm): TnG VC derived Tftephra, Ruapehu, Febntary, 1861 
The sample from this position represents a peak in shard concentrations within a distinct 
zone of elevated shard content between 36 and 42 cm in the peat sequence (Fig. 4.2.8). The 
shard content consists of a mix of predominantly browi1 shards with a minor component of 
clear shards. Compositional analysis reveals a mix of (brown) dacitic glasses with a minor 
component of (clear) ryholitic shards (Fig. 4.2.1 0). The dacitic glasses all correlate with 
Tufa Trig Formation members as for previous levels and form a relatively distinct 
population from other dacitic glasses. These are also characterized by a distinct bi-modal 
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composition (Fig. 4.2.11 d). Compositionally, this glass population compares most closely 
with Donoghue's ( 1997) HI 0 member (Fig. 4.2.11 d). Although this tephra member is not 
dated directly it is thought to represent an eruptive event which precedes European arrival 
(earliest arrival AD 1814; Lowe et al., 2000) and could therefore represent a subsequent 
eruptive event. 
The approximate age of this glass population in the peat is- AD 1770-1·890 (Fig. 4.2.9). A 
potential candidate for the deposition of ash for this time period is therefore likely to be a 
large historical ash-fall event. A possible candidate tephra includes that of the 1861 
eruption of Mt Ruapehu. This central vent eruption was the first significant eruption 
activity witnessed by European settlers (Siebert & Sirnkin, 2002). With an estimated 
Volcanic Explosivity Index (VEl ) of 2 (Donoghue et al., 1995b) there is a possibility that 
the ash plume would have been sufficient to deposit ash over a relatively long distance 
from source. Although there were no witness statements of ash fall in localities close to the 
site at the time (that this author is aware ot) it is likely that because the region was so 
sparsely populated the occurrence of any sparse, fine ash deposits may have gone 
unnoticed or unrecorded. 
Samples 5 and 6 (MR2 52 and 54 cm): TnG VC, Tfl4 
Analysis of glass shards from 52 cm and 54 cm in the peat are representative of a distinct 
and prominent zone of brown shards between 51 and 57 cm depth in section MR2 (Fig. 
4.2.9). Both samples comprised a relatively distinct set of dacitic glass analyses with a 
bimodal composition (Figs. 4.2.1 0 and 4.2.11 d; mean values (wt.%) of dia~:,rnostic oxides: 
pop.l. Si02 = 63.17 (SD: 0.39), K20 = 2.49 (0.17), CaO = 5.10 (0.19); pop. 2: Si02 = 
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65.01 (0.40), K20 = 2.90 (0.14), CaO = 4.36 (0.26). Both populations are represented by 
an equal number of analyses, all of which fall within the compositional ranges for Tufa 
Trig tephras (Donoghue et al., 1995b). This bimodal population could represent different 
phases of the same eruptive event or the result of magma mixing which has been identified 
within older tephras from TnG VC (Donoghue et al., 1995a; Shane et al., 2008a). 
Alternatively, the glass population could represent the mixing of two discrete ash fall 
populations deposited during closely spaced eruption events but because they are so well 
mixed in both samples this is possibly less likely. 
The age range of this shard concentration is 160-300 calendar yr BP (based on 2cr range) 
equivalent to calendar date AD 1650-1790 (Fig. 4.2.9) which is prior to European 
settlement and the commencement of records of eruptions. A possible correlative for this 
glass population is likely to include Tfl4 or a later or an unknown Tufa Trig member. 
Member Tfl4 is recorded as one of the thickest of Tf members preserved in sequences 
proximal to Mt. Ruapehu (Donoghue et al., 1995b) represents one of the largest of Tf 
eruptives in volume (this of course only partially supports the potential for widespread 
dispersal (Bursik, 1998)). EMPA derived forthis tephra member from proximal sequences 
by Donoghue ( 1997) (Si02 = 63.74 (0.74), K20 = 2.66 (0.38), CaO = 5.08 (0.42)) show a 
very good correlation with analyses from samples 5 and 6 and plots between the two 
populations (Fig. 4.2.11 d). There were no background rhyolitic shards analyzed from this 
level as these were very sparse in the sample suggesting, perhaps, that remobilised glasses 
are not an issue in this section of the sequence. 
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Samples 7-9 (MR2 58, 61, 63 cm): TnG VC TflO or later Tfmember with reworked grains 
from Kaharoa Tephra and Tj8 
Three samples represent a discrete peak in clear shards with a minor component of brown 
shards 58-63 cm in the peat sequence which also marks the upper limit of the zone of clear 
shards in this middle part of the sequence (Fig. 4.2.9). Compositional analysis reveals a 
mix of shards from three sources (Fig. 4.2.1 0). The majority of clear shards fit within the 
compositional range for Okataina VC derived tephras and they correlate with Kaharoa 
Tephra (see samples 10-14). This glass represents the upper limit of this cryptotephra, 
almost 30 cm above its tirst occurrence in the peat. A few shards (9 % of total shards 
analyzed) from 58 cm also correlate with the Taupo Tephra (see sample 19). These 
rhyolitic shards are likely to have been reworked from exposed deposits during a single 
discrete erosion event. The brown shard component comprises dacitic glasses within the 
compositional range for TnG VC-derived Tu fa Trig members. The brown shards comprise 
an apparently bimodal composition; similar to samples 5 and 6 but are compositionally 
distinct from the preceding concentration of brown shards at 72 cm (Fig. 4.2.11 d). The 
compositional range for the glass population at these levels does however appear to 
overlap with the cornpositional range of at least three post Kaharoa Tf members including 
Tf 6, 8 and I 0 (Fig. 4.2.11 d). 
The age range of this concentration of glass shards in the core is 260-280 cal yr BP 
(equivalent to AD 1670-171 0) (2 a age range: 200-370 cal yr BP) (Fig. 4.2.9). For this 
time period Tf 8 and Tf6 are likely to be too old as potential candidate correlatives that are 
more likely to be detected closer to the Kaharoa Tephra isochron. The compositional range 
of Tfl 0 shows very good correlation with at least 50% of analyses from these levels. This 
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tephra is another of the more widely dispersed of the Tf members, and occurs as a thick 
deposit in proximal sequences (Donoghue et al., 1995b). There are no age estimates for 
this tephra but in proximal sequences it occurs approximately equidistance between Tf 
members 9 and 14. Given the number of reworked rhyolitic shards in this level it is very 
likely that this glass population also contains shards from earlier members that have also 
been reworked into younger stratigraphic levels. 
Samples 10-14 (MR2 72, 74, 76, 80, 85 cm): Kaharoa Tephra with Tufa Trig Member 6-8 
Samples 10-14 are representative of a broad zone of shards between 72 and 85 cm in 
sequence MR2 (Fig. 4.2.9). This zone is manifest by elevated but variable shard content 
containing both rhyolitic and intermediate glasses. The samples analyzed are taken from 
distinct peaks in shard concentration within this zone of variable shard content. Analyses 
of shards from all these levels (72-85 cm) reveal a distinct and homogenous composition of 
rhyolitic glass. High values of Si02 (-77.7%) are characteristic of Okataina VC derived 
tephras (compared to -75% for Taupo VC) and high K20 (-4.1%) of the compositionally 
distinct Kaharoa Tephra (wiggle match date AD 1314 ± 12; Hogg et al., 2003). The age 
range of this particular tephra is very well constrained and where preserved marks the 
onset of distinguishable human presence on the eastern North Island (Newnham et al., 
1998; Lowe et al., 2000). In this peat section, however, the tephra is represented by a time 
interval spanning -360 years (age range 320-680 cal yr BP). 
Using the age-depth model for the sequence (Fig. 4.2.9), it was possible to predict the level 
of the glass zone which should be representative of the primary fall layer. When plotted on 
the age model, the Kaharoa age marker coincides with the first occurrence of the rhyolitic 
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glass population in the peat at 85 cm (Fig. 4.2.9). Interestingly, this does not represent the 
highest concentration of shards in which is often the assumed level assigned to 
cryptotephra concentrations which show vertical spread in a profile (e,g. Pyne-O'Donnell 
et al., 2008; Lowe et al., 2008b). The persistence of shards above the primary fall layer up 
through the peat therefore may represent sustained remobilization of the deposits from 
disturbed exposures in or on the margins.of the bog, most likely due to activities from early 
Polynesian settlers. 
Four analyses associated with this rhyolitic glass population correlate with older Okataina 
VC derived eruptives as well as the Taupo Tephra. The low numbers of these analyses 
preclude the possibility that they represent additional phases or eruptions and most likely 
they are remobilized deposits which have either been incorporated into the eruption 
column from overlying deposits or reworked from nearby exposures. Alternately, they 
could be analytical outliers. 
Glass shards of intermediate composition were also analyzed in all levels coincident with 
the Kaharoa Tephra but in most cases are represented by low numbers of analyses due to 
very low quantities of shards recovered. The analyses that were obtained revealed glass of 
dacitic chemistry in all levels which were compositionally consistent with analysis of Tu fa 
Trig members (Donoghue & Neall, 1996). Only at 72 cm were sufficient glass analyses 
obtained (I 0 shards). These showed a moderately homogenous composition that was 
distinct from both underlying and overlying glass concentrations (Fig. 4.2.11 d). This 
population shows good correlation with the compositional ranges for Tf6 and Tf8 members 
(Donoghue et al., 1997). The majority of glass analyses from 72 cm appear consistent with 
the composition I'ange of Tf8 whereas analyses from preceding levels (74-80 cm) are more 
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closely matched with Tf6, with a few analyses compositionally similar to Tf5 and Tf4 
tephras. 
Candidate eruptives Tf6 and Tf8, are two widespread Tf members (Donoghue et al., 
1995b) that have been identified as closely spaced visible deposits in sequences > 100 km 
from source (Hawkes Bay, Napier) (Wilmshurst, 1997). Neither of these Tf members have 
been dated directly but are found positioned immediately above the deforestation signal in 
the Hawkes Bay sites established through palynology (Wilmshurst, 1997; cited in Lowe et 
al., 2000). The deforestation event in these sites has been imprecisely dated to ea. AD 
1450 based on associations with the Kaharoa Tephra. This provides an age limit for these 
tephra members that suggest that they stratigraphically overlie the Kaharoa Tephra (Lowe 
et al., 2000). Such a relationship would be consistent with the glass populations in the core 
in relation to the Kaharoa Tephra. Tf8 is also given an approximate age of ca.600 14C years 
BP based on the relative stratigraphic position with radiocarbon-dated member Tf5 which 
also provides a maximum age for Tf6 of 650 ± 50 14C years B.P (547-675 cal yr HP) 
(Donoghue et al., 1995b). Tf5 is thought to stratigraphically underlie the Kaharoa Tephra 
(Lowe et al., 2000). l'he age range of the glass peak at 72 cm in the core is -300-460 cal yr 
B.P. (A:D 1490-1650; Fig. 4.2.11 ). This age might suggest that the approximate age of 
ca:600 14C years BP is overestimated, or that the glass population at 72 cm represents a 
subsequent event with a similar composition. 
It is likely therefore that this 'zone' of brown shards coincident with the Kaharoa Tephra 
represents at least three populations representing primary fall tephras from widespread Tf 
members (Tf8 and Tf6) as well as reworked Tf members from lower stratigraphic levels 
(Tf4 and Tf5). 
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Samples 15-17 (MR2 116, 122, 126 cm): TnG derived T/4. 5 with Taupo Tephra (UnitY) 
and uncorrelated tephra 
Samples 15-17 are representative of a zone of predominantly brown shards which marks 
the upper limit of abundant clear shard concentrations in the peat above the visible Taupo 
Tephra (Fig. 4.2.9). "Phis zone of shards is characterised by a very distinct peak in shard 
content at 122 cm with elevated shard content up to I 08 cm in the peat. lihe samples from 
I 16 cm and 126 cm, either side of the peak in shards at 122 cm, were analyzed to assess 
the vertical spread of this shard population (Fig. 4.2.8). Analyses of shards from these 
levels were, however, affected by a poor recovery of brown shards. During microscopy 
some of the brown shards in these levels appeared to have been affected by chemical 
weathering and it is uncertain, although possible, that this may have had an effect on 
elemental composition of these shard populations. 
Analyses of the shards that were recovered from these levels revealed a m1x of 
intem1ediate and rhyolitic glasses (Fig. 4.2.1 0). Dacitic glasses from these levels are 
·compositionally distinct from subsequent intermediate glass populations in the sequence 
and are characterized by higher Si02 (65.8-71.0 wt.%) and lower Fe0101al (4.79-6.96 wt%) 
(Fig. 4.2J I d). The majority of these glass analyses do, however, still fall within the 
compositional range for Tu fa Trig members determined by Donoghue ( 1997). Analyses 
from each level also form relatively distinct clusters (Fig. 4.2.11 d), although there were 
insufficient analyses to suggest that these represent separate geochemical populations. 
Potential candidates for these glass populations include only a limited number of Tf 
members which stratigraphically intervene between the Taupo and Kaharoa tephras. These 
include Tfl-5. However, only Tfl, 2 and 5 are found as thick proximal deposits and are 
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considered to be the only eruptions capable of widespread dispersal (Donoghue et al., 
1995b ). Tf5 is considered to be one of the most widespread of all Tu fa Trig members with 
an estimated VEl of 3 resulting in a tephra volume in excess of I 07 m3 (Lowe et al., 2000; 
Siebert & Simkin, 2002). Compositionally, however, samples 15-17 most closely match 
the range for Tf4 after Donoghue ( 1997) with only a few analyses overlapping Tf5 range 
(Fig. 4.2.1 0 d). The glass population does not correlate with the distinct composition of 
earlier member Tf2 which is characterized by having a much lower Si02 content. 
The age range for peat incorporating samples 15-17 is 1080-1240 cal yr BP (Fig. 4.2.9). 
This is much older than the maximum age given to Tf5 of830 ± 60 14C yr BP (uncalibrated 
age) (671-907 cal yr BP; Eden and Froggatt, 1996), which would support the correlation of 
glass at Moanatuatua with the older Tf4 member tephra instead. There are no ages 
associated with Tf4 deposit but it is recorded in proximal deposits as a discrete and distinct 
unit between The Taupo Tephra and the closely spaced units Tf5-14. 
Interestingly, the assays of brown-coloured glass from 122 cm comprised predominantly 
rhyolitic chemistry mixed with only a small population of dacitic glass (4 shards) Wigs. 
4.2.1 0 and 4.2.11 d). These 'brown' rhyolitic glasses are uncorrelated and do not match 
compositions for recent Taupo or Okataina VC eruptives but could represent a previously 
unrecognized rhyolitic phase to the Tf5 eruption or are more likely derived from reworked 
deposits from much older tephras or an unknown eruption event. Similar glass 
compositions were not recognized from analyses of samples from comparable stratigraphic 
levels in replicate sequences (MB 1-54 cm). Additional rhyolitic shards in the samples 
correlate with the Taupo Tephra. 
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Sample 19 (MR2 138 and 145 cm): Taupo Tephra (Unit Y) 
The samples taken from 138 and 145 cm are representative of the zone of abundant clear 
shards observed above the visible component of the Taupo Tephra. Analyses of shards 
from these samples were used to confirm the occurrence of the Taupo Tephra as the visible 
unit identified by field characteristics and to support the hypothesis that components of this 
tephra were remobilized and re-deposited for long periods after initial deposition. Both 
samples contain a relatively homogenous set of rhyolitic glass analysis (Table 4.2.3; Fig. 
4.2.10). rhe composition of the glass is typical of Taupo VC rhyolitic glass which has 
characteristically lower Si02 (74.8-76.7 wt. %) and K20 (2.44-3.62 wt. %) than OVC 
derived tephras. These analyses also compare very closely to the compositional range for 
the climactic tephra-generating phase of the AD 233 ± 13 Taupo Tephra event (Unit Y) 
(Si02 = 75.04 ± 0.19; K20 = 2.85 ± 0.07 wt. %; (Gehrels et al., 2006). The analyses from 
these samples, however, reveal slightly higher mean Si02 composition and this difference 
very likely relates to small differences in analytical conditions. There are also a few 
analytical outliers associated with these samples which are likely to represent older 
Okataina and Taupo VC deposits ~Fig. 4.2.1 0). The occurrence of outliers and uncorrelated 
analyses associated with the Taupo Tephra has been noted from previous studies (Gehrels 
et al., 2006). This has been attributed to a number of possible causes including the 
incorporation of older deposits into the eruption column, additional phases of the eruption, 
ormagma mingling (Lowe et al., 2000; Siebert & Simkin, 2002). 
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Section MBJ -54 cm: TnG tephra Tf4 with Taupo Tephra 
Due to time constraints for analyses, only one sample was analyzed from sections MB 1-3. 
The sample from 53 cm in section MBI represented a peak in brown shard concentrations 
coincident with the decline in clear shards above the Taupo Tephra (Fig. 4.2.8). This forms 
a similar pattern of shards observed at comparable stratigraphic levels in section MR2 ( 122 
cm, analysis no. 16; Table 4.2.3} and in MR 7 ( 144 cm; Fig. 4.2. 7). Analysis of shards from 
this level in MB I was therefore used to test if these could be correlated within the same 
site based on this association of shard concentrations. The resulting analyses confirm glass 
populations comprising of rhyolitic and dacitic glasses. The rhyolitic glasses correlate with 
the Taupo Tephra and confirm this tephra as the dominant background component of 
rhyolitic glasses in this section of the core. The dactic glass analyses are typically 
heterogeneous with a possibly bi- or multi- modal composition (Fig. 4.2.1 0 and 4.2.11). 
The glass analysis fits within the high Si range of analysis (Si02= 65.7-71.5 %wt. %) 
compared to analyses determined from section MR2 (Fig. 4.2.1 0). These analyses also 
closely correspond with dacitic glass populations from all three levels in MR2 ( 116, 122 
and 126 cm) which correspond with the decline in Taupo shard concentrations (Fig. 
4.2.1 0). It is therefore most likely representative ofTufa Trig member tephra Tf4 identified 
at 122 cm in MR2. The age range of this glass population in the core is 1210-1280 cal yr 
BP (based on median age; Fig. 4.2.8) which fits well within the age range determined for 
the correlative in MR2 at I 080-1240 ea! yr BP. 
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Section MR7- 90 cm: Kaharoa Tephra 
This sample is representative of a peak in clear shards from the upper zone of clear shard 
concentrations in the replicate core MR7 (Fig. 4.2.7). Analysis from this level confinns the 
source as Kaharoa Tephra, which has been detected at comparable stratigraphic levels in 
section MR2. The result of compositional analysis is a homogenous set of rhyolitic glass 
with high Si02 (77.9 ± 0.9 wt.%) and K20 (4.05 ± 0.4 wt.%) characteristic of Kaharoa 
Tephra from published analysis (Si02 = 77.61 ± 0.19 wt.%; K20 = 4.26 ± 0.08 wt.% 
(Lowe et al., 2000; 2008b) and compares with analysis from identified Kaharoa Tephra in 
the MR2 section (Si02 = 77.7 wt.%; K20 = 4.1 wt.%). There are slightly higher Si02 
values for this tephra in the peat sections than for published values. This issue remains 
consistent for all rhyolitic shards analyzed in this study and is likely to relate to differences 
in analytical conditions. 
Table 4.2.4 Summary of cryptic and visible tephras identified in cores MR2, MR7 and MB1 
including their relative ages. Age ranges based on 2-sigma range on age depth model and 
taking into consideration the vertical extent of cryptotephra zone considered to represent 
primary fall event or depositional event identified from shard counts (Fig. 4.2.6-8) and from 
analysis of geochemical populations (Fig. 4.2.9-11 and Table 4.2.3). • Unable to interpolate 
age; **age ranges interpolated from this core between ages for Taupo Tephra and Kaharoa 
Tephra at level of first occurrence; *** interpolated from projected age model based on MR2. 
RW= reworked (secondary deposition). 
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4.2. 7 Summary of findings from Moanatuatua Bog and resultant issues 
Material collected from Moanatuatua Bog compnses five restiad peat sequences, two 
sections from the scientific reserve and three sections from an exposure on the partly 
drained margins. Section MR2 is the most complete sequence, representing continuous 
accumulation since the deposition of the Taupo Tephra up to the modern surface. All peat 
sequences comprise restiad peat interspersed with abundant charcoal layers possibly 
representing several in situ and adjacent fire events. 
Analysis of the tephra-derived glass shard content of the sequences reveals almost 
continuous shard concentrations throughout the sequences comprising both clear and 
brown shards from rhyolitic and andesitic or dacitic sources, respectively. Measurements 
of organic content in the peat sequences determined by loss on ignition provide a sensitive 
indicator (based on an inverse relationship) of these shard concentrations. 
Clear shards are represented in two distinct zones in sections MR2 and MR7. These 
include a zone of diminishing shard content several centimeters above the Taupo Tephra 
and a second broad zone of clear shards in about the middle section of the sequence. 
Brown shards are represented by continuous and highly variable content throughout the 
sequences with several distinct peaks in shard concentrations. Distinct morphological 
characteristics are recognized: shard type, colour, microlite type and abundance and 
sometimes shard chemical etching features for individual concentrations of brown shards. 
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The lower parts of these sequences correspond very closely to the cryptotephra patterns 
evident in MB 1-3 indicating that these three sections are truncated at approximately the 
higher (second) broad zone of clear shards, 
Compositional analysis of selected shard concentrations by EMP confirms the 
identification of the Taupo Tephra ( 1717 ± 13 cal yr. BP) as a visible unit in the peat which 
remains persistent in high concentrations as a cryptotephra "tail" for at least 300 years of 
peat accumulation after initial deposition. The second zone of clear shards in the sequences 
MR2 and MR7 from the reserve correlate closely with the Kaharoa Tephra (1314 ± 12 cal 1 
yr. BP). This correlation is the first time the Kaharoa Tephra has been definitively 
identified in the Hamilton Basin. Glass from the tephra is spread vertically through the peat 
representing at least 400 years of peat accumulation. Kaharoa Tephra is not present in the 
truncated peat sequences from the margins (MBl-3), lihe age model in section MR2 is 
used to constrain this well-dated tephra and indicates that the first occurrence of shards in 
the peat sequence is most likely to represent the level of primary fall out of this tephra (i:e. 
the most accurate position for the Kaharoa isochron). In MR2, as with the Taupo Tephra, 
glass shards from the Kaharoa Tephra are detected in low concentrations almost all 
through the sequence above the level in the peat representing the primary fall deposit. This 
dissemination suggests almost continual remobilization and deposition of these tephras 
from disturbance in the peat bog or adjacent exposures. This background concentration of 
reworked clear shards increases two-fold above the Kaharoa Tephra possibly due to the 
latter tephra being added to the background glasses derived from the Taupo Tephra or the 
results of increased disturbance. 
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Compositional analysis of selected brown shard concentrations confirms an andesitic to 
dacitic source. The majority of these correlate well with known Tu fa Trig members derived 
from Ruapehu VC since the Taupo '"f:ephra was deposited. Unexpectedly, there are no 
Egmont VC derived shards identified from these sequences. Individual populations are 
distinguished by major element composition and stratigraphic position and age 
relationships. Possibly as many as nine individual tephra depositing events are recognized 
including three or four historical eruption events (Table 4.2.3). The probable historical 
events recorded include 1861 (Ruapehu), 1·945 (Ruapehu), 1974 Ngauruhoe) and 1996 
(Ruapehu). Earlier eruptives most likely include Tufa Trig members Tf4 (or TfS) (ea. 1400 
± 150 cal yr BP), Tf6 (620-890 cal yr BP), Tf8 (290-330 cal yr BP) and Tfl4 (160-300 cal 
yr BP). Alternatives and additional units may be present. In all sections there is a distinct 
maximum peak in brown shards, coincident with the decline of the Taupo Tephra-derived 
shards at a point ca.600 cal yrs after the Taupo Tephra which correlates with Tufa Trig 
member Tf4 or TfS based on major element composition and relative age. 
4.3 Lake Rotoroa 
4.3.1 Site description 
Lake Rotoroa (37°48'S, 175°l6'30"E), also known as Hamilton Lake, is a small (-54 ha), 
shallow, enclosed lake formed in riverine and peat deposits in the urban area of Hamilton 
City (Fig. 4.3.1; Plate 43.1 ). Hamilton City CKirikiriroa in Maori) lies -130 km south of 
Auckland and is the fourth largest urban centre and seventh largest city in New Zealand 
with a population of about 130,000 people (Statistics New Zealand, 2008), 
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The lake is mesotrophic to eutrophic with high organic productivity resulting in the 
deposition of organic rich muds (gyttja). The lake water is moderately transparent with an 
absence of algal blooms but contains abundant and diverse aquatic macrophytes (Tanner et 
al., 1990). The lake has a relatively small catchment (138 ha) which comprises residential 
housing and a grassed recreational area (Tanner et al., 1990; Clayton & de Winton, 1994). 
The lake is a closed basin and is fed predominantly by precipitation and overland flow but 
in recent times is also fed by drainage inlet pipes around the lake margins. Discharge rates 
into the lake are approximately 16 k 1 km·2 of water(Tanner et al., 1990). 
Radiocarbon dates and tephras from basal sediments of the lake suggest that it formed -
20,000 cal yrs BP in an embayment dammed by alluvial deposits (Hinuera Formation) 
from the ancestral Waikato River (Lowe & Green, 1992; Green & Lowe, 1994). The 
deposition of the alluvium allowed two shailow lakes to form which deepened and 
coalesced to form one lake after the encroachment of a marginal peat bog concomitant with 
increased net precipitation (Green & Lowe, 1985). The two basins (north and south; Fig. 
4.3.1,; Plate 4.3.1 b) of the original lakes are still evident from the bathymetry of the lake 
bed. The current depth of the lake is around 5-6 m and average depth 2.4 m (Tanner et al., 
1990; Clayton & de Winton, 1994). 
There has been a wide range of studies of the lake sediments. These include investigations 
of the impact of recent human activities on the lake environment that include the 
application of herbicides in the last few decades to control aquatic plants (Tanner & 
Clayton, 1990; Tanner et al., 1990). There has also been a small number of 
palaeoenvironmental studies and investigations of the tephra layers present in the lake 
sediments (Green & Lowe, 1985; Lowe, 1988b; Green & Lowe, 1994). Studies of the 
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pollen assemblages from nearby lakes sediments show that early Polynesian settlement 
occurred in the area at around 700 years ago when forests appear to have been rapidly 
burned off and replaced by scrub (Newnham et al., 1989; Lowe & Green, 1992; Giles et 
al., 1999). This interruption is supported by measurements of 813C in the Lake Rotoroa 
which show a rapid change to increased terriginous inputs and increased eutrophication 
around this time (Newnham et al., 1989; Green & Lowe, 1994). Detailed 
tephrostratigraphic investigation of the lake have identified at least 14 named visible 
rhyolitic and andesitic tephra layers in the lake sediments from a range of TVZ sources 
including Egmont VC (Lowe, 1988b; Spiers, 1995). No tephras have been recorded in the 
post - Taupo time span. 
• •LR1 LR2 
Lake 
Rotoroa 
0 metres 300 
Paciffc 
Ocean 
Figure 4.3.1 Location map of Lake Rotoroa with position of core sites in relation to water 
depth (redrawn from Tanner et al. 1990). Inset: the lake in relation to Hamilton City (grey 
shaded area), main traffic arteries and the present course of the Waikato River. 
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Plate 4.3.1 Satellite images of 
Lake Rotoroa: (a) location of 
lake within the greater 
Hamilton City area showing 
surrounding agricultural 
landscape and present course 
of the Waikato River. (b) Close 
up of the lake showing core 
sites and the lake bathymetry. 
Sourced from Orthophoto S14 
Hamilton, Crown Copyright 
reserved: 
http://www.linz.govt.nz/core/to 
pography/aerialandorthophoto 
s/orthophotoindexlaps14/inde 
x.html). 
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4.3.2 Core collection 
Short sediment cores were obtained from Lake Rotoroa in February 2005. Cores were 
collected using a modified piston corer with a 50 mm diameter collected from the side·of a 
lightweight dinghy (Plate 4.3.2 a-c). This coring technique was possible because of the 
shallow nature of the lake. The original plans for core collection included several cores 
from different water depths from the north and south basins of the lake. However, retrieval 
of cores proved difficult for some of the deeper sections of the lake where sloppy 
sediments were encountered. In shallow parts of the lake the length of the sequence was 
too short to provide a high resolution account of tephra-derived glass shard content. 
Several cores were collected from the lake, three of which (LR I, LR2 and LR6; Table 
4.3.1; Fig. 4.3.2; Plate 4.3.1 b; Plate 4.3.2 c) were used for this study. 
Cores consisted of -50 cm long sediment sequences taken from the water-sediment 
interface down to below the Taupo Tephra (1717 ± 13 cal yr BP; Sparks et al., 1995; 
2008). The Taupo Tephra was identified in the cores by field characteristics as fine lapilli 
-1-2 cm in thickness in the cores at - 30 cm depth. This sediment interval represents a 
very slow sediment accumulation rate of- 0.17 mm y( 1 (based on an assumed constant 
sedimentation rate). Below this tephra there were at least three additional visible tephra 
layers down to a depth of-90 cm in the sections retrieved (Table 4.3.1). Sections LRI and 
LR2 were taken from the northern section of the lake where water depths were -3 m and 2 
m, respectively (Fig. 4.3.1 ). LR6 was collected from the southern basin of the lake where 
water depth exceeded 5 m. 
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Plate 4.3.2 Photographs of Lake Rotoroa, the method of core collection and resulting 
sediment cores collected from the lake. (a) View of the southern basin of the lake (photo 
taken from the western edge by the yacht club; Fig. 4.3.1) showing the boat used to collect 
cores (with Profs. David Lowe and Rewi Newnham). (b) Setting the piston corer down into 
the water from the edge of the boat. (c) The three cores retrieved from the lake used as part 
of this study, LR1, LR2 and LR6 (Fig. 4.3.2; Table 4.3.1). Red lines represent 30 cm in length. 
Red arrows indicate position of Taupo Tephra identified from field characteristics and 
stratigraphic position in the cores; white arrows point to visible tephras in the cores below 
the Taupo Tephra. All photographs taken by author. 
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Table 4.3.1 Summarv of cores collected from Lake Rotoroa 
Sample 
code 
(date 
collected) 
LR1 
(15-2-05) 
LR2 
(15-2-05) 
LR6 
(15-2-05) 
Core site details 
[Grid ref of core site] 
North end of lake - 3 m 
water depth 
[E271035, N637600] 
North end of lake 
-2 m water depth 
[E271027, N637592] 
South end.of lake 
-5 m water depth 
[E271069,N637543] 
Depth Sample 
retrieved retrieval 
from 
surface 
(cm) 
Piston corer with 
50 mm diameter 
core barrel 
0-100 
0-86 
0-61 
4.3.3 Lithostratigraphy and organic content 
Notes on stratigraphy 
Retrieved down to fine grey ash at 
the base of the core. At 30 m.a fine 
lapilli identified as Taupo Tephra. 
Three additional macroscopic ash 
layers at39, 45 and 65 cm. 
Taupo Tephra present as a very 
thin layer at -22 cm depth. Three 
additional ash layers at 52 cm 
(Tuhua), 62 cm (Mamaku) and 85 
cm (Opepe?) 
Fine lapilli at 35 cm possibly Taupo 
Tephra. Several additional tephras 
identified below 
The lithostratigraphy of the lake cores from this site was described using the conventional 
Troei-Smith ( 1955) classification scheme for unconsolidated sediments. The Munsell 
colour chart was used to characterize the sediments according to colour. lt was anticipated 
that this information could be used to identify sedimentological changes which may help to 
account for any variations in tephra content. Measurements of loss on ignition (LOI) were 
used to determine changes in organic content down through the sediment profiles and 
provide a guide to possible changes in lake sedimentation or catchment activities which 
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may have contributed or affected tephra content. Figure 4.3.2 provides an overview of the 
lithostratigraphy of the·three cores. 
The sediments in the three cores consisted of a homogenous, very fine organic rich mud 
(gyttja) above the Taupo Tephra with no distinguishable layering or structure. A subtle 
transition in colour was recognized up through all sequences changing from very dark 
brown (Musell: 7.5 YR/2.5/2) to dark brown (7.5 YR/3/2) approximately 10 cm above the 
Taupo Tephra in each sequence (Fig. 4.3.2). 
LOI measurements taken from 2 cm contiguous samples in the sections revealed a 
relatively high component of organic material for the lake sediments ranging from 20-40% 
with an average of -36 % organic matter (Fig. 4.3.4). The inorganic component revealed 
by microscopic examination includes a mixture of diatom frustules, sponge spicules, 
tephra-derived glass shards and minerogenic particles. Diatom frustules and sponge 
spicules form the major component of the sediments. Unlike the peat sequence from 
Moanatutua Bog, LOI measurements in the cores only appear to reflect the very high glass 
shard concentrations immediately above the Taupo Tephra. 
All three cores show a similar pattern in changing organic content up from the Taupo 
Tephra to the surface of the core. Organic content increases steadily above the Taupo 
Tephra reaching peak values several centimeters above it. Values then decline very 
gradually up to approximately halfway in the sequences that mark an inflection to lower 
stable organic content. This inflection point in LOI coincides with a colour change in the 
sediments that possibly reflects the transition from a forested to deforested catchment 
resulting from human settlement in the area. This change in the catchment would have 
resulted in changes to hydrological and sedimentary process in the lake. 
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The organic content of LRl increases to average values (36 %) - 2.5 cm above the Taupo 
Tephra and up to a maximum of 41 % organic matter at 22 cm. Above 22 cm organic 
content in the core steadily declines up to - 14 cm where values plateau at - 33 .5% organic 
content up to the surface. In core LR2 organic content also increases rapidly - 2.5 cm 
above the Taupo Tephra, with a peak organic content of 40% measured at 15 cm. Above 
15 cm, values start to decline up to l 0 cm where values remain consistently at - 36 % 
organic up to the surface. Section LR6 shows a more pronounced change in LOI values up 
through the sequence. Organic content increases to average values - 6 cm above the Taupo 
Tephra (29 cm) where values for organic content peak at 47 %, a - 6% increase compared 
to LR I and LR2. Above 29 cm, values decline steadily up to 16 cm whereupon values 
plateau at - 24.7 %. This is a much lower value for the top section of the sequence 
compared with those of LRl and LR2 (a difference of- 9% organic). 
LR1 
0 
5 
10 
15 
20 
25 
30 
35 
40 
(cm) 
LR2 
. 5 y RJ3/2 dart brovm 
Very fine organic mud 
D . <5 % fine gravel 
LR6 
7.5 YR/312 c!arl<brovm 
7.5 YRJ2.512 -r dark 1>rovm 
1 OYR/3/6 dark yelowlsh ~>rovm 
1 OYR/314 dark yebmh brown 
1 OYR/313 dark brown 
1 OYR/312 -r dart greyish brown 
Bnlalt il core 
1 OYRJ2/2 -r c1ar11 brown 
- Taupo Tephra: 1704-1730 cal. yr. BP 
r::;-;:t 
~ Fine rootlets and plant material 
Figure 4.3.2 Stratigraphy of the three cores from Lake Rotoroa. Detailed lithostratigraphy, 
visible tephrostratigraphy and positions of samples for radiocarbon dating {from pollen 
concentrates and bulk sediment samples; see Table 4.8). 
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4.3.4 Age-depth models 
An age-depth model was developed for core LRI using AMS 14C dating and tephra ages 
from the visible Taupo Tephra ( 1717 ± 13 ea! yr BP) and from the Kaharoa Tephra (636 ± 
12 cal yr BP) preserved as a cryptotephra (Fig. 4.3.3). The criteria for identifying the 
cryptotephra are detailed in section 4.3.6. This core was selected for dating to support the 
identification and interpretation of the shard concentrations confirmed by EMPA. AMS 14C 
ages were determined at the NERC radiocarbon laboratory (RCL) in East Kilbride, 
Scotland (Table 4.3.2). A calibrated age was plotted with the tephrochronological ages 
using the median value and 2cr errors against the depth of the sample model (Fig. 4.3.3). 
Dating the lake sequence with AMS 14C ages proved problematic but provided an insight 
into the changing sedimentary process in the lake and an illustration of the difficulties of 
dating anthropogenically disturbed sequences. Six AMS 14C ages were obtained from three 
replicated levels in the core firstly using pollen concentrates and then bulk sediment 
samples. Only one of the six AMS ages obtained is included in the age model (LRI-22; 
Table 4.3.2; Fig. 4.3,5) for reasons explained below. 
Three pollen concentrate samples were initially extracted from the core to provide narrow 
time slices to circumvent the slow accumulation rates. The extraction method, however, 
resulted in very small samples which were near the limit for measurements of routine 
samples (c. I ml C02). Laboratory standards processed along with the samples also failed 
the laboratory's quality assurance programme (Or Mark Gamett pers. comm} "{;he 
resulting ages were also considered too old and were therefore deemed unreliable. The 
result was that the ages were not reported formally by the RCL. The error terms for 
these informally reported measurements (Table 4.3.2) are higher than would be expected 
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for similar samples, which reflects the greater uncertainty in the results. Given problems 
with the sample sizes of the pollen concentrates, bulk sediment samples were used instead 
to date the sequence from the same or nearby horizons. 
The lowest ages from samples LR 1-22 and LR l-22p (p suffix from pollen concentrates), 
both extracted from -22 cm in the core resulted in very similar median ages and strongly 
overlapping error ranges. Both ages are close to the estimated age for this level in the core 
(Fig. 4.3.3; Table 4.3.2) and likely represent a time period before the deforestation era, 
based on similarity in the two ages and the position of the Kaharoa Tephra identified in the 
core. A major point of inflection in the organic content curve also occurs at this level in the 
core. Organic content would be expected to trend to lower levels following deforestation. 
As a consequence, it is concluded that both these ages are reliable. The date from the bulk 
sample is used in the age model because it has smaller laboratory errors. 
The age obtained from LR l-14p was deliberately targeted at a layer containing visible 
plant material but insufficient plant fragments were extracted for dating. The sample 
consisted of pollen concentrates but the resulting age represented a significant age reversal 
in the age model and has large errors. Sample LR\-16 (bulk sample) was taken just below 
this plant layer, yet gives a considerably younger age, albeit still too old. The upper 
samples LR l-6p and LR l-7 provide ages, which are closer to estimated ages but still older 
than expected. In particular they give ages older than the Kaharoa Tephra(which underlies 
this horizon). Interestingly, LRl-6p is considerably younger than LRI-7 (bulk sample) 
which is likely to reflect the reduced potential for contamination from pollen concentrates 
which derive mostly from aeolian origin in undisturbed sediments. The fine gravel layer a 
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few centimetres above this horizon 1s clear evidence that inwash 1s still an 1ssue for 
sedimentation in the core. 
Table 4.3.2 Conventional radiocarbon and calibrated ages on bulk sediment sample and 
pollen concentrate samcles from core LR1. Sample positions are shown in Figures 4.11. 
*Isotopic fractionation i5 3C is expressed as %o wrt POP, error t 0.1 for NERC dates (SUERC 
prefix). Calibration curve used is shcal 04.14c (Southern Hemisphere calibration. curve). 
*Based on a linear interpolation using tephrochronological age of Taupo Tephra and 
existing ages. tage estimated due to insufficient C02 for i513C measurements. § Laboratory 
standards,processed commensurate with pollen~concentrate samples. 
Conv. RC Calibrated age Median age 
Stratigraphic age years plus/ 6'"C.... Estimated range(2u) c31ibrated age 
Lab code posilion (cm) Sample material BP (t1sd) minus L BP" cal yr ep cal. yr BP 
SUERC-15743 6-7 Bulk sediment 1039 37 -29.4 400 576-733 625 
SUERC-15744 14-16 Bulk sediment 1227 37 -29.2 600 1176-1988 1555 
SUERC-15745 21.5-22 Bulk sediment 1138 37 -29.9 1200 733-1243 988 
GR/8625 6-6.5 Pollen concentrates 709 83 -28.7 400 897-961 888 
GR/8826 14-14.5 Pollen concentrates 1887 191 -25.0' 800 974'-1220 1094 
GR/8827 21.5-22 Pollen concentrates 1101 122 -25.0' 1200 930-1059 993 
GR/8824 Lab standard~ ST1 96H HUMIN (1) 2729 326 -28.4 
GR/8628 Lab slandard1 ST2 BIT. COAL (4) 34494 109 . 23.0 
4.3.5 Tephra derived g/ass~shard content 
The results of glass shard counts from the three cores from Lake Rotoroa are shown in 
Figure 4.3.4 (and Fig. 4.3.5 for LRI) alongside measurements of organic content. Clear 
and brown shard types were encountered in the sediments as with Moanatuatua Bog 
(section 4.2) and are present in almost continuous concentrations through each core. As 
with the Moanatuatua sections, the high concentrations of glass shards detected 
immediately above the visible Taupo Tephra are omitted from the diagrams for clarity. The 
shard content for each section is described from the visible Taupo Tephra to the top of each 
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sequence for both clear and then brown shards 25-63 11m in size. Observations of size 
range prior to sieving were made in some instances. Observations of shard character and 
morphology are described with reference to images in Plate 4.3.3 based on a combination 
of generic and technical tenns for ash sized tephra-derived glass shards (Heiken, 1972; 
Fisher & Schmincke, 1984; Heiken & Wohletz, 1985). 
LR1 
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Taupo 
Tephra 
Calibrated Age Ranges 
Taupo Tephra 
1704-1730 cal yr. BP' 
LR1·7 LR1-6p 
I Kaharoa Tephra 
624-648 cal yr. sp•• 
Figure 4.3.3 Age-depth model for core LR1 . Based on a linear interpolation through median 
age of one 14C AMS date (2a error) (codes refer to sample types and depth in core detailed 
in Table 4.3.2), tephrochronological dates on the Taupo Tephra (*from Sparks et al. 2008) 
and Kaharoa Tephra (**wiggle match date from Hogg et al. 2003) (refer to text). The 
additional five 14C AMS dates not used on the model for reasons discussed in the text are 
shown in relation to stratigraphy which highlights possible sources of contamination. 
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Glass shard content core LRI 
The shard counts from this sequence (Figs. 4.3.4; 4.3.5) are based on 62 contiguous 
samples 0.5 cm thick from the top of the sequence to just below the visible Taupo Tephra 
at 30-31 cm in the core. Individual glass shards were detected in almost every sample 
viewed through microscopy and comprised a mix of clear and brown coloured shards in 
varying proportions. 
Clear shards form highly fluctuating concentrations up through the core with at least six 
distinct 'peaks' in shards which exceed mean values derived for clear shard concentrations 
of -35 shards per mg d-wt. These peaks include the zone of shards immediately above the 
Taupo Tephra which extends up the sequence for -4 cm in fluctuating but declining shard 
content before reaching mean clear-shard concentrations. This trend follows a similar 
pattern to that recorded in peat sites in this study, e.g. Moanatuatua Bog (Fig. 4.2.5}, and is 
suggestive of continued remobilization and re-deposition of the deposit in the lake and 
from the surrounding land surface. The shards in this zone comprised predominantly fine 
( 4-63 Jlm) to medium ash (63-500 J.lm) sized glass. lihe majority of shards >63 um were, 
however, removed during the sieving process in preparing the samples for microscopy. it is 
therefore likely that this zone contains much higher shard concentrations than shown here. 
Shards displayed low to moderate vesicularity indices and a moderate to high stretching 
(Plate 4.3.3 e). Interspersed within this glass were some large (>250 J.lm) highly vesicular 
shards with infrequent but distinct microlites (small crystals) (Plate 4.3.3 t). 
The additional peaks in clear shards occur at- 4, 13, 16.5, 20 and 25.5 cm. The largest of 
these peak concentrations of glass is at -13 cm and 16.5 cm which both coincide with a 
change in lithology. The peak in shards at 13 cm coincides with a point of LOI inflection to 
- 163 -
Chapter 4 Waikato Sites 
lower organic content and at 16.5 cm the shard peak occurs below a change in the colour of 
the sediments in the sequence (Fig. 4.3.5). The character of shards for the majority of these 
levels was not observably different or distinct from glass attenuated above the Taupo 
Tephra and consists of a mix of shard sizes (Plate 4.3.3 a, b). Only the zone of clear shards 
at 16 cm appears to comprise a distinct population based on shard character. Shards at this 
level comprise predominantly small (<50 11m across longest axis) platy glass shards mixed 
in almost equal parts with brown shards (Plate 4.3.3 c, d). 
The down-core content of brown shards shows a distinct pattern different from that of clear 
shard content (Fig. 4.3.5), The mean value of brown shard content for the sequence is -16 
shards per mg d-wt., less than half the mean for clear shards at -35 shards. However, 
brown shard content is represented by greater fluctuations through the section with more 
than twice the number of 'peaks' exceeding mean shard content values than for clear 
shards. These peaks form discrete zones of elevated brown shard content in the core. The 
lowest of these zones coincides with the decline in clear shards above the Taupo Tephra, 
24-25.5 cm in the core. The most prominent of these zones, however, occurs between 15 
and 21 cm which coincide, in part, with peaks in clear shard content (Fig. 4.3.5). From 
below 14 cm up to the top of the core shard concentrations noticeably decline with only a 
few moderately elevated peaks in shard content. 
Brown shard concentrations in all levels typically consisted of small, fine-ash sized (<63 
urn) blocky and poorly vesicular shards with dense microlite inclusions (Plate 4.3.3 b-d). 
These are comparable with andesitic and dacitic glass fragments detected in Moanatuatua 
Bog sequences (section 4.1.4) and exhibit Type I morphologies as defined by Heiken and 
Wohletz ( 1985) for andesitic type eruptives. These are typical of hydrovolcanic eruptions 
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which include Tu fa Trig member tephras from Mt. Ruapehu (Donoghue et al., 1997). At 
16 cm these included some distinctly platy, microlite-poor, dark brown shards which may 
be characteristic of an individual tephra population or alternatively represent an influx of 
reworked older deposits (Plate 4.3.3 d). 
Glass shard content LR2 
The glass shard content from the replicate sequence LR2 is based on 43 contiguous 
samples 0.5 cm thick down to the Taupo Tephra at 22 cm depth in the core. Shard counts 
are comparable with changes in shard content for core LRl but with slightly less well 
defined peaks- which are possibly an artifact of the increased time intervals represented by 
each sample. Some peaks in clear and brown shards in the core can .be traced to 
comparable stratigraphic levels, based on litho logical changes, in core LR I (Tl-3; Fig. 
4.3.4). Comparable shard patterns include the persistence of clear shards concentrations for 
at least 6 cm above the Taupo Tephra (T 1) in the core which is followed by a slight 
increase in brown shards (marked by Tl). Clear and brown shards were also observed 
persisting below the visible Taupo Tephra for several centimetres (Plate 4.3.3 e). The 
brown shard concentration at 18-16 cm comprises predominantly small (<50 urn), dark 
brown, microlite"poor shards characteristics of shard concentrations observed from 
comparable stratigraphic levels in LR 1 (Plate 4.3.3 d). Other comparisons include a 
marked increase in both clear and brown shard content approximately halfway up the 
sequence (T2 and T3). Tl and T2 concentrations in LR 1 are represented by multiple peaks, 
but in LR2 these are represented by a single, wide peak in shard concentration 11-15 cm 
depth in the core. Above 9 cm depth, coincident with an inflection in L01 to a lower, 
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organic content, clear shard concentrations in LR2 remain relatively high and comprise 
multiple peaks which do not compare with shard content at comparable levels in LR I or 
LR6. Concentrations of brown shards in this level of the core remain low with no 
distinguishable peaks. 
Glass shard content LR6 
The results of glass shard content derived for core LR6 are based on 49 contiguous 0.5 cm 
thick samples taken from the top 30 cm of sediment in the core. Shard counts also reveal 
patterns comparable to those of cores LR I and LR6 but with generally higher average 
shard concentrations. As for LR I and LR2, the high concentrations of clear shards persist 
above the Taupo Tephra for -5 cm in the core. Coincident with the decline in these clear 
shards in the lower part of the core there is a peak in brown shards that probably correlate 
with Tl in LR I and LR2 (Fig. 4.3.4). Additional peaks in brown and clear shards in the 
lower half of the core tentatively compare with T2 and T3 concentrations identified in 
LR I. T3 comprises a well defined peak in both brown and clear shards where the two 
different shard types are observed in almost equal proportions (Plate 4.3.3 !), a 
characteristic observed in core LR I. Above -17 cm there is a marked increase in the 
concentration and frequency of clear shards but a decline in brown shards as for LR3. The 
concentrations of clear shards in the upper section of this core are significantly higher than 
those of the cores from the northern basin of the .lake. It is possible that the southern basin 
of the lake, which is surrounded by a steeper catchment and almost completely surrounded 
by residential buildings, was subject to greater degree of disturbance in recent centuries 
than the northern basin (Plate 4.3.1 b). 
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Figure 4.3.5 Results of tephra-derived glass shard counts derived from core LR1 shown alongside stratigraphy, organic 
content and a~e depth model. The age-depth model (see Fig. 4.3.3 for more detail of individual ages) is based on a linear interpolation through the median 
age of one AMS 1 C age (Table 4.3.2), and tephrochronological dates on the Taupe and Kaharoa tephras. Numbered arrows indicate positions sampled for EMPA 
and correspond with numbered samples in Tables 4.3.3 and 4.3.4. 
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4.3.6 Geochemical character, correlative& and interpretation 
The results of major element analyses of cryptotephra populations sampled from Lake 
Rotoroa are based on five samples from core LR I (Fig. 4.3.5). A total of 63 analyses on 
individual shards were determined by electron microprobe analysis (EMPA). These 
represent a very limited number of analyses which are for most levels insufficient for a full 
evaluation of the core. Interpretations of the results presented below therefore remain 
tentative. Sampling positions in the core were selected for EMPA on the basis of defining 
criteria outlined in section 3.3.1 (Chapter 3). Table 4.3.3 summarises the compositional 
analyses from the main populations identified from each position. Table 4.3.4 presents a 
summary of identified sources and eruption correlatives for each glass population level 
together with interpolated age range based on a limited age-depth model (Fig. 4.3.5). 
Bivariate plots of diagnostic oxide combinations are shown in Figure 4.3.6 for andesitic 
and rhyolitic populations in the samples. All elements were considered in correlating 
deposits and for distinguishing between individual populations in conjunction with age-
stratigraphic position. All analysis presented here are normalised to I 00 weight (wt) % 
loss-free basis (Froggatt, 1992; Pearce et al., 2008). Raw, non-normalized analyses are 
recorded in the Appendices. 
The major element composition of glass shards from this site reveal a mix ofboth rhyolitic 
(Si02 = > 69 wt%) and intermediate glasses (Si02 = 58-70 wt.%) represented by clear and 
brown shards, respectively (Table 4.3.3; Fig. 4.3.6). The majority of analyses derived from 
this site are comparable to published analyses for TVZ eruptives (Shane, 2000; Lowe et 
al., 2008b) and suggest that the cryptotephra populations in this lake site are not subject to 
any significant chemical alteration. 
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The analysis of rhyolitic glasses in the core reveals multiple compositional groups. Values 
for Si02 range from 74.08-78.58 wt. %and contain representative populations from Taupo 
VC and Okataina VC sources (Table 4.3.3; Fig. 4.3.6). Raw analytical totals show a wide 
range within individual glass shard populations from 93.59-> LOO wt%, with an average 
total of 96.88 wt%. For rhyolitic glasses, major element composition was sufficient to 
identify at least four distinct compositional groups from Taupo and Okataina volcanic 
centres which include a number of pre-Taupo Tephra deposits preserved in younger 
stratigraphic levels (Fig. 4.3.6 a, c). 
Several glass populations with intem1ediate chemistry were identified in core LR l. As for 
Moanatuatua Bog, these are predominantly dacitic glasses (Fig. 4.3.6 a, Table 4.3.3). 
Individual glass populations comprise typically heterogeneous composition (Si02 = 60.52-
66.35 wt.%; total alkalis= 5.97- 7.44 wt.%) characterized by high standard deviations for 
individual oxides compared to rhyolitic glasses. Raw analytical totals for intermediate 
glasses were typically high, ranging from 97.99-100 wt.%, 
Analyses of these intermediate glasses are consistent with Tufa Trig members from Mt 
Ruapehu volcano (TnG VC) after Donoghue et al. (1996; 1997; 2007) (Fig. 4.3,6 d). As 
determined from Moanatuatua Bog, high-K Egmont sourced tephras were not evident from 
the selected analyses from this site. All intermediate glasses were evaluated for 
contamination from micro lite phases using the procedure of Platz et al. (2007) (see section 
4.2.5; Fig. 4.3.6 b). 
Correlatives for dacitic populations were established using age-stratigraphic positions and 
pre-existing compositional analyses from proximal Tufa Trig members (Donoghue et al., 
1995b; 2007). Ages of tephra populations were determined using only a limited age model 
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(see section 4.2.6) and as a result identifications remain tentative. Interpolated age ranges 
are based on 2cr age ranges to account for limited numbers of ages (Figs. 4.3.5). 
The following descriptions refer to numbered samples shown in Figure 4.3.5 and sample 
numbers in Tables4.3.3. 
Sample I (LRI, 12.5-13 cm): Reworked glass shards fi'om TgVC, Tf members, Taupo VC 
and Okataina VC with one grain Tuhua Tephra 
Sample I represents a wide zone of elevated shard concentrations I 0-14 cm depth in the 
core containing predominantly clear type shards. This level in the core also marks the onset 
of changes to lithology (sediment colour and LOI) and to the pattern of glass shard 
concentrations in the core (Fig. 4.3.6). Compositionally, this sample contains glasses with 
rhyolitic and intermediate chemistries that represent an influx of reworked deposits from 
older stratigraphic levels. 
Rhyolitic glasses (I 0 out of l3 shards analysed) consist of a wide range of compositions 
that plot into at least four distinct compositional groups (plot of Si02 versus total alkalis; 
Fig. 4.3.6 a) that can be linked to pre- and post-Taupo TVZ tephras (Lowe et al., 2008b). 
Four of the analyses (40%) fit within the wide compositional range derived for the Taupo 
Tephra (shown plotted against compositional envelope from Gehrels et al., 2006) but 
potentially correspond with the older bllt compositionally similar Opepe Tephra {Taupo 
VC derived) which is preserved as a thick deposit below the Taupo llephra in the lake 
sediments. Four analyses from this level closely correspond with known Okataina VC 
derived tephras that include Kaharoa and Mamaku tephras (Fig. 4.4.6 a). Of these, two 
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shard analyses fit into the compositional envelope derived for Kaharoa Tephra from 
Moanatuatua Bog (Fig. 4.3.6 c), This tephra is identified as a cryptotephra in lower 
stratigraphic levels in the core ( 15.5 cm, Sample 2). Kaharoa-derived shards were 
characterized by higher K20 (-4.2 wt.%) compared with older Okataina VC derived 
tephras (Lowe et al., 2008b) and resulted in higher analytical totals (exceeding 99 wt% in 
most cases). The Mamaku Tephra is an additional pre-Taupo tephra recorded as a visible 
layer in the site ~Lowe, 1988; Table 4.3.1) and was distinguished from Kaharoa shards by 
much lower K20 (-3.54 wt:%; Table 4.3.3) and distinctly lower analytical totals obtained 
(-96 wt.%). These glasses with lower totals effectively contain greater "water" content 
(Froggatt, 1983). 
The remaining analyses of rhyolitic chemistry included one grain labelled "uncorrelated" 
that fits in a distinct compositional group of uncorrelated analyses from other levels in the 
core (Fig. 4.3.6 a; Table 3.3.3). These are most likely to represent much older TVZ tephras 
preserved in lower stratigraphic levels in the lake sediments and possibly reworked from 
exposures in shallow lake margins or banks around the shoreline. In addition, one shard 
analysis correlates with the compositionally distinct peralkaline Tuhua Tephra (7005 ± 155 
cal yr BP) which is characterized by very high FeO and Na20, and low Ah03, compared 
with other TVZ derived tephras (Manighetti et al., 2003). This tephra has also been 
observed as a visible unit in the lake sediments at depth (Lowe, 1988a; Green and Lowe, 
1994; Table 4.3 .I). 
Only three analyses were determined from sparse intermediate glasses at this level in the 
core. These glasses were dacitic in composition and very similar to intermediate glasses 
from preceding glass population recorded at 15.5 cm (sample 2) that potentially correlate 
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with Tu fa Trig members TfS, 6 and 8. Because of the high number of analyses linked to 
older, reworked deposits in this level of the core it is likely these shards may also represent 
secondary deposition. 
Sample 2 ( LRI, 16.5-17 cm): Kaharoa Tephra and TnG VC, Tfmember 6-8 with reworked 
shards from Taupo VC andOkataina VC derived tephras 
Sample 2 marks a discrete peak in both clear and brown shard concentrations in core LR I 
that can be traced through all three sequences (marked by T3; Fig. 4.3.4). This level of the 
core immediately underlies a lithological change in the sequence marked by an inwashed 
layer containing plant material (Fig. 4.3.4). Glass analyses revealed a heterogeneous mix of 
compositional populations that include primary fall and reworked shards from older 
stratigraphic levels. Partially due to the mix of glasses in this sample only a limited number 
of analyses were achieved per compositional population and identifications are provisional. 
Rhyolitic glasses plot into the same four compositional groups detected in sample I (minus 
Tuhua Tephra). At least six out of the total of nine rhyolitic analyses correspond with OVC 
derived tephras that include Kaharoa and Mamaku tephras. Only four analyses fit within 
the compositional range derived for the Kaharoa Tephra from multiple samples from 
Moanatuatua Bog (Fig 4.3.6 c). However, shards correlating with the Kaharoa Tephra were 
not detected in the sample immediately below (sample 3). This lack of detection would 
suggest that this position marks the first occurrence of the tephra and is therefore likely to 
represent primary fall deposit, albeit mixed with older secondarily deposited tephra. 
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Table 4.3.3 Electron microprobe analyses of tephra-derived glass shards from 5 
sample depths in core LR1, from Lake Rotoroa. 
Sampling positions are shown in Figure 4.3.5. Means (in bold) and standard deviations of total number (n) 
analysis (of individual shards) normalized to 100% loss free (wt%). Analysis undertaken at NERC Tephra 
Analytical Unit, University of Edinburgh, during February and June 2007. Includes individual uncorrelated 
analyses from each sample position. tlaboratory standard analyzed at regular intervals during analyses of 
LR1 samples. *Total iron as FeO, **water by difference. 
Anal. no. 
Core/depth 
Source 
(Tephra) 
SiO, 
Al20, 
ToO, 
FeO' 
MnO 
MgO 
CaO 
Na,O 
K20 
P,O, 
H,O" 
n 
Anal. no. 
Core/dtp1h 
Source 
(Tephra) 
SiO, 
Al10 , 
T!O, 
FeO' 
MnO 
MgO 
CaO 
Na,O 
K,O 
P,O, 
H,O'' 
n 
Anal.no. 
la 
LR1/13 cm 
TnGVC 
Tufa Trig 
63.86 0.76 
14.57 0.16 
1.18 0.03 
6.41 0.35 
0.14 0.07 
2.17 0.10 
4.82 0.45 
4.02 0.07 
2.63 0.15 
0.23 0.01 
1.52 0. 19 
3 
2d 
TVC 
Taupo T. 
75.19 . 
13.05 • 
0.22 • 
1.91 . 
0.10 . 
0.28 • 
1.68 . 
4.58 . 
2.93 . 
0.08 . 
1.68. 
l b le Id 
ovc ovc TVC 
Kaharoa Tephra Mamaku Tephra Taupo Taphra 
78.07 0.10 
12.13 0.09 
0.07 0.03 
0.90 0.14 
~.06 0.0 3 
0.06 0.00 
0.61 0 .04 
4.05 0.21 
4.20 0.13 
~.02 0.02 
0.54 0.33 
2 
3a 
LR1/17 cm 
TnGVC 
Tufa Trig 
63.99 0 .89 
14.06 0 .68 
1.17 0.15 
7.12 0.79 
0.08 0.06 
1.93 0.2 1 
4.65 0.55 
3.93 0.22 
2.80 0.37 
0.26 0.05 
1.30 0.39 
6 
78.1& 0.13 
11.96 0.12 
0.10 0.02 
1.10 0.06 
0.04 0.10 
0.12 0.03 
0.79 0.00 
4.18 0.24 
3.54 0.20 
0.01 0.01 
3.37 0.48 
1 
3b 
ovc 
MamakuT. 
78.23 0.49 
12.14 0.01 
0.12 0.0 1 
0.76 0. 17 
0.00 0.09 
0.11 0.01 
0.87 0.04 
4.08 0.04 
3.68 0.17 
0.02 0.00 
3.28 0.32 
1 
Uncorralated 
75.59 0.19 
12.90 0.20 
0.24 0.05 
1.81 0.14 
0.11 0.07 
0.27 0.01 
1.59 0.04 
4.60 0.16 
2.87 0.06 
0.02 0.02 
1.93 1.57 
4 
3c 
TVC 
Taupo T. 
74.08 . 
13.49 . 
0.35 . 
2.05 . 
0.10 . 
0.28 . 
1.74. 
4.65. 
3.24. 
0.03. 
1.75. 
18 
Mayor Is. 
Tuhua Tephra 
74.38 . 
9.04 . 
0.28 . 
5.57. 
0.06. 
0.02. 
0.26. 
6.03. 
4.33. 
0.04. 
1.40 • 
LR1/26.5 cm 
TnGVC 
Tula Tri9 Tf 4 
67.58 0.77 
14.58 0.79 
0.94 0.07 
4.83 0.68 
0.06 0.02 
0.97 0.28 
4.14 058 
3.95 0 28 
2.71 0 27 
0.25 0.02 
0.83 0.49 
7 
Coreldeplh LR1·13LR1·15 LR1-15 LR1 ·17 LR1 ·17 LR1·17 LR1 -17 LRI-28.8 LR1 -28.11R1 -28.8 
Source 
(Tephra) 
SiO, 
AI,O, 
T!O, 
FeO' 
MnO 
MgO 
cao 
Na,O 
K,O 
77.35 77.46 77.76 77.76 77.23 77.50 
12.11 12.35 12.14 12.07 12.30 12.26 
0.14 0.12 0.13 0.21 0.15 0.10 
1.57 1.12 1.1 6 1.18 1.45 1.54 
0.12 0.14 0. 14 0.10 0 .01 0.17 
0.12 0.11 0.16 0.16 0.13 0.14 
1.11 1.27 1.14 1.24 1.05 1.11 
4.18 3.97 3.46 4.02 4.46 4.19 
3.33 3.43 3.9 1 3.22 3.16 2.98 
~.03 0.04 ~.01 0.04 0.06 0.01 
3.73 1.35 3.74 2. 76 2.84 4.30 
77.77 77.55 77.11 78 13 
12.01 12.87 
0.25 0.15 
1.08 0.95 
0.08 0.02 
0.12 0.14 
1.06 0.89 
4.21 4.12 
3.28 3.3 1 
0.13 0.00 
4. 15 6.41 
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12.83 12 43 
0.11 0.13 
1.20 1.33 
0.12 0.10 
0.14 0.11 
1.09 1.19 
4.15 3.18 
3 21 3 38 
0.03 0.02 
4.72 5.9 1 
2a 2b 
LR1/15 cm 
TnGVC ovc 
Tufa Trig Kaharoa Taphra 
64.02 0.81 77.72 0.26 
14.57 0.25 12.19 0.22 
1.10 0.08 0.07 0.02 
6.68 0.45 0.87 0.08 
0.09 0.07 0.09 0.04 
1.95 0.25 0.07 0.00 
4.80 0.36 0.61 0.03 
4.04 0.26 4.20 0.14 
2.51 0.28 4.17 0.08 
0.23 0.02 
1.29 0.51 
B 
5 
LR1128 cm 
TVC 
Taupo T. 
74.73 0.32 
13.55 0.21 
0.29 0.03 
1.87 0.20 
0.20 0.03 
0.28 0.0 1 
1.59 0.03 
4.59 0.15 
2.87 0.07 
0.03 0.02 
3.83 1.35 
3 
0.01 O.Q1 
1.74 0.91 
3 
2c 
ovc 
Mamaku Tephra 
78.05 0.36 
12.20 0.18 
0.10 0.04 
0.92 006 
0.06 0.06 
0.10 0.02 
0.76 0.04 
4.13 0.11 
3.69 0.05 
0.00 0.02 
4.41 0.27 
3 
Standards 
To/a/ 
n 
Uparit 
74.14 0.25 
12.84 0.10 
0.07 0.03 
1.58 0.14 
0.04 0.05 
0.05 0.0 1 
0.74 0.04 
4.17 0.10 
5.19 0.09 
~.01 0.03 
98.84 0.39 
25 
TB1Gt 
53.92 0.14 
16.02 0 11 
0.89 0.03 
8.44 0.28 
0.20 0.08 
3.62 0.04 
6.89 0.11 
3.30 0.07 
4.47 0.09 
0.58 0.04 
98.34 0.38 
25 
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Figure 4.3.6 Bivariate plots of normalized analysis from core LR1. All data are 
normalised to 100% loss free. (a) Si02 versus total alkalis (K20 plus Na02) for all glass 
samples analysed from core LR1 from Lake Rotoroa. Analyses plotted within the 
compositional scheme for glass chemistry (after Le Bas et al., 1996). Compositional 
ranges and ages for possible correlative rhyolitic tephras are indicated A-D. (b) 
Extended plot of (a) to show isolated shard which correlates with geochemically 
distinct peralkaline Tuhua Tephra. (c) Plot of CaO versus FeO (total) for all rhyolitic 
glass analysis from OVC and TVC sources. Uncorrelated analyses fit between the 
two sources. Grey shaded analysis from section MR2 from Moanatuatua Bog 
identified as Kaharoa Tephra. (d) FeO (total) versus Si02 of andesitic/dacitic glass 
analysis. Analyses of intermediate glasses from Moanatuatua Bog are shown in 
light grey for comparison. Inset: plot of FeO (total) versus Al20 3 used to identify 
analyses of intermediate glasses affected by microlite contamination following 
Platz et al. (2007). 
1 
mean compositional ranges and a~es from Lowe et al. (2008); 2 compositional envelope of uncorrelated 
analyses from Gehrels et al. (2006); full range of analyses for Taupo Tephra from Gehrels et al. (2006))• 
Compositional ranges for Ruapehu Tufa Trig (Tf) members Tf2, 4-6, 9, 10, 14 and 19 from Donoghue et al. 
(2007; data:presented are normalized to loss free basis). b Tephra sample taken from the flank of Mt Ruapehu 
in 2005 representing a mix of recent Tf eruptives. c Mean and standard deviation of compositions derived from 
widespread Tufa Trig Formation members from Donoghue et al. (1997; 2007; normalised to loss free basis). 
Data points represent mean and standard deviation. 
Two shards intermixed with the Kaharoa Tephra are characterized by lower K20 (mean 
3.67 wt.%) and correlate more closely with Mamaku Tephra (as for sample I). Three 
additional shard analyses also correlate with the Taupo Tephra and an uncorrelated 
compositional group. Because of the limited number of analyses it is, however, difficult to 
determine the relative proportions of these groups within the sample. 
Only five analyses were obtained of intermediate glass chemistries which fonn a 
compositional group distinct from overlying intermediate glass populations (Fig. 4.3.6} 
The majority of these analyses correlate most closely with Tf members Tf6 and Tf8 which 
are also found in association with the Kaharoa Tephra in core MR2 from the Moanatuatua 
peat site. These members are also the most likely candidate source eruptives for the time 
period represented by the shard concentration in the core. 
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A small number of minerals (crystals) were also analysed from this level with the hope of 
identifying biotite which is found associated with the Kaharoa Tephra where it is preserved 
as a macroscopic layer (Lowe et al., 2008b), The minerals detected, however, included the 
plagioclase feldspars andesine and labradorite which are associated with many older TVZ 
tephras in Waikato lakes and are therefore likely to have been reworked with older TVZ 
tephra derived glasses. 
Sample 3 ( LRI 17.5-18 cm): Reworked shards from Taupo VC and Okataina VC derived 
tephras and TnG VC, Tf member 6 
Sample 3 was collected from I cm below the preceding glass population (sample 2) and 
marks the upper limit of elevated concentrations of brown glass between 17 and 22 cm 
depth in the core. Analysis of the sample from this level also provided an opportunity to 
assess the vertical spread of Kaharoa shards identified at 15.5 cm in the core. 
A total of 13 glass analyses were obtained from this sample, comprising seven analyses of 
clear rhyolitic glass and six of brown glasses with intermediate composition. The rhyolitic 
glasses plot into two compositional groups recognized in lower levels of the core which 
correlate with the Mamaku Tephra and an uncorrelated group most likely representing a 
mix of older Taupo VC tephras. The shards identified as Mamaku are differentiated from 
Kaharoa Tephra based on distinctly lower K20 values (mean 3.16, SO 0.13) and 
characterised by higher "water" content (mean 3.51 wt.%). One grain tentatively correlates 
with the Taupo Tephra (Fig. 4.3c6 c). 
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Analyses of intermediate glasses are recognized as correlatives of the Tu fa Trig Formation 
and appear as a distinct population different from dacite glass analyses lower in the core. 
Because of the very low number of analyses, however, it is difficult to identifY possible 
correlatives with any certainty. Compositionally, the majority of analyses compare most 
closely with Tf member Tf6. Tf6 was thought to stratigraphically overlie the Kaharoa 
Tephra (Donoghue et al., 1995b) which in LRI occurs above sample 3. However, analyses 
of a sample of so-called "Kaharoa Tephra" in the Tongariro region collected by Or Barbara 
Hobden (formally at University of Waikato) by Prof. David Lowe showed the sample 
instead to be an Egmont-derived eruptive (Prof. David Lowe, pers. comm. June 2008). 
Even without the Kaharoa Tephra included in the age model the interpolated age for the 
peak in shards at this level in the core would be older then the Kaharoa Tephra at -740-860 
cat yr. BP. The occurrence of the Tf6 tephra member at this level in the core could be 
explained if: (I) the position in the core identitied for the primary fall deposits from the 
Kaharoa Tephra is incorrect; (2) shards from Tf6 have moved vertically in the sediment 
profile to older stratigraphic levels; or (3) most likely, the stratigraphic relationship 
between the Kaharoa Tephra and Tf6 has been misidentified in proximal deposits as 
suggested by the new analysis noted above. lt is also possible that the shards are not 
representative of Tf 6 and instead represent an unknown or uncorrelated Tf member 
preceding the deposition of the Kaharoa Tephra. This possibility cannot be confirmed with 
the limited number of analyses obtained. 
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Sample 4 (LRI 26-26.5 cm): TnG, Tufa Trig member 4 
Sample 4 represents a zone of elevated brown shard content which coincides with a decline 
in the concentration of clear shards above the Taupo Tephra in the core and extends up to 
-24 cm. This is a pattern of shards that can be traced through all three cores (labelled Tl; 
Fig. 4.3.5). The shard concentration represents a relatively wide age-stratigraphic position 
dating to -1200-1400 cal yr BP (Fig. 4.3.5). The glass population forms a relatively 
homogenous compositional population that is distinct from all lower positioned analyses of 
intermediate chemistry and is characterised by higher Si02 (67.68, SD 0.77) and lower 
Fe0(4.83, SD 0.68) (Fig.4.3.6 d). These features match the dacitic population identified in 
Moanatuatua Bog at a similar stratigraphic position and age (MR2 population = 1285-1340 
cal. yr BP) and correlate with the compositionally distinct Tufa Trig member Tf4 which 
stratigraphically lies between the Taupo and Kaharoa tephras. There were no rhyolitic 
shards analysed from this level. 
Sample 5 (LRI 28-28.5 cm): Taupo Tephra with reworked TVC and uncorrelated tephra 
Sample 5 is taken from -2 cm above the visible Taupo Tephra where shard concentrations 
remain high in the core. This sample was analysed to both confirm the identity of the 
visible tephra and to assess the contribution of shards from the visible tephra to the 
attenuating glass concentrations immediately above it. Unfortunately only five shard 
analyses were obtained from this level which limits the interpretation of the shard sources. 
The analyses confirmed a rhyolitic chemistry for the glass but these formed two distinct 
compositional groups. Out of these five analyses, three shards correlate with the Taupo 
Tephra (Fig. 4.3.6). Two of the analyses represent older tephras and are categorised as 
uncorrelated. 
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Table 4.3.4 Summary of glass shard populations analysed and identified in core LR1 including relative 
ages. Age ranges based on 2 sigma range on age-depth model and taking into consideration the vertical extent of shard 
concentration and geochemical populations (Fig. 4.3.6 and Table 4.3.3). * Unable to interpolate age. 
Sample Depth in No. of shards Eruptive Interpolated age Identification of Calendar ages (AD)/ Primary reference(s): 
no. /core core (cm) in population source In cal . yr BP of tephra (T.) Calibrated ages of ages' 2 
of sample 0 analysed (VC)" shard cone. /interpretation correlative tephra major element chemistry [shard cone.] 2a range< in cal. yr 
BP 2a range" 
1/LR1 13 (a) 3 Tng RW Tufa Trig 6-8 
* 
2
Donoghue et al., 1997 
(b) 2 ovc RW Kaharoa Tephra 
* 
1Hogg et al., 2003;2Newnham el al., 1998 
[10- 14] (c) 1 ovc I -490-570 RW Mamaku Tephra * 1'·2 (d)4 TVC RW Taupo Tephra * Lowe et al. 2008 (e) 1 Mayor Is. RW Tuhua Tephra * 
1 
Wilmshurst et al .. 1997; 2Donoghue et al., 1995 2 15 (a) 8 Tng Tufa Trig 6-8 post- 636±12 
[15-15.5] (b) 3 ovc Kaharoa Tephra 636±12 
1 Hogg et al., 2003; ~ewnham et al., 1998 
(c) 3 ovc -700-800 RW Mamaku Tephra 
* 1\2 
(d) 1 TVC RW Taupe Tephra 
* 
Lowe et al .. 2008 
3 17 (a) 6 Tng Tufa Trig 6? post- 636±12 
1Wilmshurst et al., 1997; 2Donoghue et al. , 1995 
(b) 2 ovc RW Taupo Tephra * 1\2 [17-22] -740-860 Lowe el al., 2008 (c) 1 TVC RW Mamaku Tephra * 
4 26.5 7 Tng -1 200-1400 Tufa Trig 4 ? 
1 
Lowe et al., 2000; 
2
Donoghue et al., 1997 
[24-27] 
5 28 3 TVC -1510-1717 RW Taupe Tephra * 
\2 
Lowe et al., 2008 
[27-30] 
~ 
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4.3. 7 Summary of findings and resultant issues 
I. Lake Rotoroa is a shallow closed basin lake near the urban centre of Hamilton City. 
Three cores were analysed from the lake, each marked at the base by the ea 1700 BP 
Taupo Tephra at ea. 30 cm depth. There were several visible tephra layers evident 
below the Taupo Tephra in the lake sequences. 
2. The three sediment sequences compnse orgamc rich muds. Lithological and 
stratigraphic observations of the sediment profiles show a change in sedimentary 
properties approximately halfway between Taupo Tephra and the top,ofthe sediment. 
3. Dating the sequence using AMS 14C ages proved problematic with samples taken from 
post-settlement levels in the sequence (marked by Kaharoa Tephra and lithological 
changes) clearly affected by contamination by older carbon. Such contamination is 
likely to have resulted from increased inwash of sediments from the catchment. 
Evidence from nearby sites suggest that deforestation triggers a dramatic change in the 
hydrological and depositional environment, after which there is a greater propensity for 
inwash and reworking and, not surprisingly, typically older-than-expected 14C ages 
(McGlone & Wilmshurst, 1999). 
4. Measurements of shard concentrations showed similar issues identified from dating the 
sequences using AMS 14C ages. The three cores revealed relatively good replicability 
for the lower sections of the cores where three peaks in shard concentrations were 
identified. Coincident with the change in lithology approximately halfWay up each 
sequence there is greater variability in shard concentrations with an increase in clear 
shards and a decline in brown shards and an overall loss of identifiable patterns or 
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peaks in shards which may be used to identify primary fall deposits. It is very likely 
that this upper section of the core is affected by increased terriginous inputs caused by 
human activities in the catchment 
5. At least three primary fall tephras were identified in core LR I from compositional 
analyses of shards from selected levels obtained by EMP A (summarised in Table 
4.3.4). The Kaharoa Tephra was identified in the core as a cryptotephra but was only 
represented by a small number of shards amongst a significant background of glasses 
from older tephras. The position of the Kaharoa Tephra in the core coincides with a 
change in stratigraphy and inflection in LOI probably reflecting increased terriginous 
inputs relating to human activities, Dacitic glass was detected in a few positions in the 
core and could be linked to a small number of post-Taupo eruptions from Tongariro 
VC known as the Tufa Trig Fom1ation. These include Tf6-8, which were found with 
the Kaharoa Tephra glasses and Tf4, which is bracketed by the Kaharoa and Taupo 
tephras and which has been identified in Moanatuatua in similar stratigraphic position 
marked by the decline in shard concentrations above the Taupo Tephra. 
6. EM PA from core LR I shows that there is considerable contribution from older 
reworked tephras throughout the sequence. The proportion of older reworked tephra in 
samples increases markedly in samples representing post-human settlement. These 
included a number of uncorrelated tephra shards identified in the sequence which are 
likely to represent a mix of older TVZ tephras reworked within the catchment. The 
majority of reworked shards from older stratigraphic levels are represented as visible 
tephras in the lake sediments with a predominance of shards from the youngest of 
tephra beds which are most likely to be become exposed in nearby sequences. 
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4.4 Opuatia Bog 
Opuatia Bog in the Waikato Region is positioned approximately half way between 
Moanatuatua Bog and Lake Pupuke. This site was used to provide an additional bog site at 
an intermediate location for assessing the dispersal range ofpost-Taupo tephra fall events. 
4.4. 1 Site description 
Opuatia Bog (37°26'00"S, 175°03 '40"E) is a young, raised restiad peat bog within a 
larger wetland area (Opuatia Wetland) situated within the rural landscape of the lower 
Waikato River basin -60 km north of Hamilton City and -70 km south of Auckland City 
(Fig. 4.4.1 ). The -950 ha wet land comprises fen (peat bog), swamp and lakes that form an 
extensive tloodplain for the Opuatia Stream (River) which is a tributary to the Waikato 
River. Large flood events with an average return period of- 15 years from the Waikato 
River which lies < 0.5 km east of the bog margins are known to periodically flood the 
wet land and sections of the peat bog (Browne & Campbell, 2005). 
The restiad peat bog (fen and young ombrotrophic bog; Fig. 4.4.1; Plate 4.4.1) covers an 
area - 260 ha within the wetland and is one of the youngest of the remaining restiad bogs 
in the Waikato Region. The peat bog is characterized by its unique plant species 
composition that forms a distinctive elevated surface (Clarkson et al., 2004). Water table 
conditions of the bog remain at or just below the surface and recently conducted water 
table measurements suggest that this has not been affected by any surrounding land 
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practices of drainage activities (Browne & Campbell, 2005; Fritz et al., 2008). The 
wetlands are located in low lying areas or the antecedent Opuatia River Valley. They were 
formed where drainage was impeded by the deposition of thick pumice alluvium from a 
break-out flood event of the ancestral Waikato River (Manville et al., 1999; 2007; 
Manville, 2002) approximately 20 years after the llaupo eruption of AD 233 ± 12 (to allow 
for time for Lake Taupo to refill after the eruption before the break-out flood, Lowe & 
Green, 1992; Manville, 200 I; Manville et al., 2007). This deposit, referred to as the Taupo 
Pumice Alluvium (TPA), forms the base of the peat sequence of the bog (Clarkson et al., 
2004). Radiocarbon dates from wood and peat at the base of the sequence suggest that peat 
formation began very shortly after the deposition of the TPA (Ciarkson et al., 2004). Peat 
thickness at the site is ~ 3.5 m with an approximate peat accumulation rate of~ 1.8 mm yr" 
1
, more than double the rate determined for Moanatuatua Bog (0.8 mm yr1) (Browne & 
Campbell, 2005). The peat forms a dome-like raised surface above the influence of 
drainage from surroundinghill slopes and is rain fed (ombrotrophic). 
The present day peat bog fills a relatively narrow, flat valley surrounded by low lying hills 
used for agriculture and lower lying areas of swamp (Fig. 4.4.1; Plate 4.4.1 ). ;rhe bog 
forms a long, narrow area ~3 km in length. It is ~I km at its widest point and is less than 
50 m wide at its narrowest point (Plate 4.4.1 ). The peat bog has a typical hummock-hollow 
surface and low diversity of plant species. '(;he vegetation is dominated by the jointed rush 
species Empodisma minus which is characteristic of mid-successional phase of restiad bog 
development and develops thick, dense culms approximately 40-60 cm high (Plate 4.4.2) 
(Ciarkson et al., 2004). Late successional species, such as Sporadantlws have yet .to fully 
establish at the site. Swamp ferns (Gieichenia discmpa) are abundant in parts of the bog 
interspersed with the Empodisma (Plate 4.4.2). Understory vegetation includes a small 
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number of bryophyte species. Intermittent species on the bog include the rush Juncus, 
small pine trees (Pinus radiata) and flax (Phormium tenax) which cluster on drier elevated 
sections of the bog and can be seen as prominent features when viewed from above (Plate 
4.4.3). The introduced grey willow (Sa/ix cinerea) (introduced in 1942) is abundant on the 
margins of the bog and has had to be intensively managed in recent times to reduce its 
invasive spread on to the bog (Plate 4.4.1) (Browne & Campbell, 2005). Other species on 
the bog margins include the tea tree (Manuka) and flax (Phormium) as well as the 
introduced gorse (U/ex). Large parts of the wetland and bog are privately owned but is 
protected and managed as part ofa region-wide initiative to protect native wetland species 
and maintain biodiversity (Browne & Campbell, 2005). 
Opuatia Wetland has been the focus of a recent in-depth investigation and monitoring 
project funded by Environment Waikato (Waikato Regional Council) which has included 
evaluating the ecology and hydrology of restiad peat bogs to assess the future management 
of these types of bogs (Browne & Campbell, 2005). Particular threats identified as 
affecting Opuatia Bog include sediment and nutrient inputs from adjacent farmland as well 
as impacts of livestock entering the bog. These factors are thought to have impeded the 
natural development of parts of the bog (Browne & Campbell, 2005). The spread of non-
native plant species has also been identified.as problematic. The site was incorporated into 
one additional study into the peat characteristics and development of lowland restiad peat 
bogs in the Waikato Region and a small number of radiocarbon dates has been obtained 
from the base of the sequence (Ciarkson et al., 2004). Palaeoenvironmental and tephra 
records have, however, not previously been investigated atthis site. 
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Figure 4.4.1 Location map of Opuatia Bog and core site shown in relation to 
surrounding wetland, the present course of the Waikato River and Lake Whangape. 
Small scale maps show the bog site in relation to the nearest major town, Huntly, 
and other large lakes. 
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Plate 4.4.1 Annotated satellite image of Opuatia Bog showing surrounding pasture 
and swamp and the present course of the Waikato River. Image sourced from 
Orthophoto 813 Huntly (taken 2001/2002), Crown Copyright reserved: 
http:/lwww.linz.qovt.nz/core/topography/aerialandorthophotos/orthophotoindexlaps 
13/index.html). Bunded swamp refers to restored wetland. Annotations based on 
image from Browne and Campbell (2005). Numbers 1-4 correspond with numbered 
features shown on Plates 4.4.3 A and B. White line marks the approximate extent of 
restiad bog. White star shows the position on the pasture where photographs in 
Plate 4.4.3 were taken. 
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Plate 4.4.2 Surface vegetation of Opuatia Bog. In the foreground the dense stems 
of Empodisma (approx. 50 cm high) are interspersed with fern species G/eichenia d. 
(with Prof. Rewi Newnham in the background). Note the proximity of the hills used 
for pasture seen in the background of the picture. Also in the background between 
the hill and the margins of the bog are the dense thickets of grey willow. Images in 
Plate 4.4.3 are taken from the white vehicle seen on the hill. Photograph taken by 
author. 
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Plate 4.4.3. Views over Opuatia Bog. Photographs taken from an adjacent hill. 
Photographs show the residual hills surrounding the bog, many of which are used 
for agricultural purposes. The extant of the Grey Willow can also be seen on the 
margins of the bog. Numbers 1-4 correspond with numbered locations in Plate 
4.4.1. White line in A marks the edge of the bog on its eastern margins. 
Photographs taken by author. 
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4.4.2 Material collection 
One peat sequence (core 0 B I) was collected from the northern part of Opuatia Bog in 
February 2005 (Fig. 4.4.1; Plate 4.4.1). Several locations were evaluated using a narrow 
corer to determine depth of peat and ease of retrieval. The selected location of the cores 
site (GR: E269346, N641643) was approximately I 00 m from the northwest edge of the 
bog where it was considered the impact of livestock damage and invasive plant species 
would not have affected the surface peat conditions. In the core location the plant 
composition appeared natural· and undisturbed. The sequence of peat was sampled down to 
just above the TPA using two different collection methods. 
Despite several attempts, complete recovery of the peat sequence proved problematic, 
possibly due to water pockets in the peat as well as the presence ofhorizons comprising 
thick, impenetrable roots. Collection of peat cores from 30-90 cm depth was particularly 
difficult. As a result a sample was retrieved as one complete "' 30 x 30 cm section dug out 
of the surface of the peat bog using spades and knifes to cut though roots down to~ 70 cm 
depth. Collection of this large section ensured that a complete section was retrieved from 
the top section of the sequence, It was hoped that the large section size would also preserve 
the integrity of the peat and allow for large samples to be taken for analysis of cryptotephra 
content. It was anticipated that any glass from historic tephra falls deposited at the site, 
which is more distal to volcanic sources than the Moanatuatua Bog, site would be 
presel'Ved in much lower concentrations. The large section also provided archive material 
for future studies from this site. Sections of the peat below 70 cm depth were retrieved in 
several sections using. a 9~cm wide, 30-cm long Russian-type corer down to TPA at 390 cm 
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depth. Table 4.4.1 and Figure 4.4.2 provide a summary, description and interpretation of 
the material collected. 
Table 4.4.1 Summary of sections/samples collected from Opuatia Bog with main 
distinguishable lithological characteristics 
Depth of Sample Sample Description Interpretation 
section collection 
Monolith Fibrous, poorly humified, water-logged Acrotelm layer of peal' bog. 
0·70 section dug restiad peat containing distinct silly Clayey/silly horizons from flood 
out from the horizons deposits and' increased 
surface of terrigenous-rich .aeolian deposits 
the peat from deforested: hill slopes around 
the bog 
9cmwide, Water pockets in the peat 
70-110 30 cm long Poorly retrieved sections containing 
Russian- very fibrous peat 
type corer 
Fibrous peat with frequent, lhin·clayey- Restiad peal with clay layers 1·10-190 possibly representing several large 
silly- peal horizons. Some sections flood events from the Waikato poorly recovered. River 
190-210 Poorly humified peat' horizon with ? 
distinguishable plant material 
Well- moderately-well humified peat Fully developed resliad peal bog 210-290 with raised surface - minimal 
with no distinguishable clay-silt inputs from flooding/in wash horizons 
events 
Well humified peat with several clayey Restiad peat developed but 290-330 horizons, possibly displaying some surface still receiving in wash from hill slopes or from flood 
smearing/disturbance during· coring 
events 
Low. lying early peat bog receiving 
330-390 Clayey peat poorly retrieved that minerogenic rich in wash from 
surrounding hill slopes. Possibly 
contains abundant wood and woody 
swampy conditions, Plant peaVsoil below 360 cm depth 
composition includes shrubs and 
pine trees 
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Figure 4.4.2 Section 081 from Opuatia Bog showing some core sections, 
observable lithostratigraphic changes and positions of radiocarbon samples. 
Section 0-70 cm retrieved as a surface monolith, sections 70 - 330 cm collected as 
several 30 cm long cores. TPA, Taupo Pumice Alluvium. 
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4.4.3 Lithostratigraphy of sequence 081 
As for Moanatuatua Bog, lithological and sedimentary descriptions of the sequence 
collected from this site are made using generic descriptions for the restiad peat based on 
the visual examination of identifiable components (i.e. charcoal, wood, plant fragments) 
and field techniques (von Post scale) to determine peat texture and decomposition. The 
lithostratigraphy of the sequence is shown in Figure 4.4.2. The peat samples retrieved from 
this site show distinct lithological changes up through the sequence that are likely to reflect 
the growth and development of this young bog as well as the occurrence of flood events 
and commencement and continuation of human activities in the area around the bog site 
(Table 4.4.1 ). Loss on ignition (LOI) measurements from the sequence show a highly 
fluctuating organic content reflecting these lithostratigraphic changes (shown with glass 
shard counts in Fig. 4.4.5). 
Above the TPA at 390 cm depth in the sequence up to - 330 cm the peat comprises of 
clay-rich woody peat containing some large pieces of wood. 'Jhese materials are likely to 
represent the more swampy conditions of a young peat bog which would have been fed by 
surface runoff rich in terrigenous deposits. Palaeoecological evidence of restiad bog 
development suggest that an initial phase of development starts with sedges and shrubs 
(Ciarkson et al., 2004) although the large pieces of wood suggest that trees or shrubs were 
also growing in the waterlogged valley. LOl measurements show that the organic content 
is only 50c60 % in this lower peat section. Above 315 cm depth there is a general trend of 
increasing organic content up through the sequence. Above 335 cm and up to -290 cm the 
organic content of the peat increases rapidly from -50% to -80%. This increase is likely to 
reflect decreasing terrigenous inputs from hillside drainage and a change to more 
- 192-
Chapter 4 Waikato Sites 
hydrologically separate conditions of a raised bog. The position of this change in the peat 
is marked by a thin charcoal layer that possibly represents a natural fire event near to the 
site. At 290-335 cm the peat is well developed and clayey peat forms only intermittent 
horizons. This section of the core, however, appears disturbed which is shown by smearing 
of a clayey peat horizon through the core which is likely to have occurred during the coring 
process. 
Above 290 cm and up to -210 cm the peat comprises a well to moderately-well humified 
restaid peat with no distinguishable clay/silt horizons which would indicate that the restiad 
bog was now well developed and with a raised surface hydrologically separate and above 
the intluence of sediment rich surface runoff from the hill slopes on the margins of the bog. 
Organic content in this section of the core tluctuates between 82-93 % which suggests that 
there are still some inorganic inputs to the peat possibly from aeolian deposition. 
Microscopic examination shows that these inorganic components include a small amount 
of silt as well as tephra-derived glass. This section of the peat is also rich in plant 
phytoliths. At 210 cm and up to -190 cm in the sequence there is a marked change in 
lithology to a poorly humified restiad peat consisting of poorly decomposed roots and 
stems and some layers of horizontally bedded, poorly decomposed plant material. Organic 
content in this horizon remains above 90%. 
Above 190 cm and up to - 120 cm depth the peat is moderately well humified with a few 
poorly humified horizons. The section contains at least five distinct, relatively uniformly 
spaced, silty to clayey peat horizons marked by rapid intlections in LOI measurements 
(-1,0% decrease in LOI). These silty peat horizons potentially represent tlood events 
similar to the 2004 flood event from Waikato River which is known to have flooded the 
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northern end of the bog close to the core site (Browne & Campbell, 2005). That these 
horizons were not detected in lower sections of the peat sequence would suggest that such 
flood events have not occurred throughout the history of the bog and are likely to have 
started because of changes in the catchment. At 164 cm and 178 cm indistinct charcoal 
horizons.observed through microscopic examination are dispersed over several centimetres 
in the peat. Organic content in the section of the sequence ranges from 83-96 %, reflecting 
the clayey horizons interspersed within the organic rich peat (Fig. 4.4.2). At 70-120 cm 
depth the section was poorly retrieved and comprised very thin, stringy, water logged peat. 
Up from -70 cm depth in the peat there is another distinct change in the lithology of the 
sediment sequence which is marked by a major inflection in LOl measurements showing a 
gradual but sustained increase in inorganic contributions to the peat. This trend is a 
contrast to the distinct narrow, clayey- peat horizons interpreted as flood deposits found 
lower in the sequence. Organic content remains below 70% from 34 cm to 9 cm depth. 
Particle size analyses from a few selected levels from this section revealed that the 
inorganic component of the peat is made up of predominantly silt sized particles. These 
silts are likely to have derived from windblown soil-derived material from the hill slopes 
surrounding the bog which would have been exposed and disturbed during deforestation 
and agricultural practices in recent centuries. Charcoal particles identified throughout this 
section during the examination of the pollen assemblages are also indicative of sustained 
land use. Four fine charcoal layers at 18, 22, 44 and 46 cm possibly relate to historical fire 
events recorded in nearby Whangamarino Wetland (Ciarkson, 1997). Above 9 cm there is 
a gradual increase in organic content up to the surface of the peat bog which is suggestive 
of a stabilization of the surrounding landscape perhaps as a result ofrecent changes in land 
use practices. 
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4.4.4 Age-depth models 
An age model was constructed for the Opuatia Bog sequence using two tephrochronlogical 
ages from the Taupo and Kaharoa tephras, one AMS 14C age and two pollen markers (Fig. 
4.4.3). Tephrochronological ages are derived from the Taupo 17ephra (1704-1730 cal yr. 
BP; Sparks et al. 2008) which is represented by the Taupo Pumice Alluvium (TPA) at the 
base of the sequence. Radiocarbon ages obtained by Clarkson et al. (2004) on wood taken 
immediately above the TPA suggests that it was deposited very shortly after the ca.A:D 233 
Taupo eruption. Manville (200 I) suggested that ~20 years elapsed between the eruption 
and the deposition of the TPA (noted earlier). The Kaharoa Tephra is tentatively identified 
as a cryptotephra based on derived shard concentrations and a limited number of EMP 
analyses of glass shards (.full details of how these were obtained are provided in later 
sections). The identification is also supported by interpretations of the stratigraphy which 
imply the commencement of human induced landscape changes just below the shard 
concentration, an occurrence observed consistently in sequences containing the Kaharoa 
Tephra (Newnham et at, 1998). 
A total of five AMS ages were originally obtained from selected levels in the sequence 
corresponding to changing stratigraphy and glass concentrations (Table 4.4.2). 
Measurements on all samples were performed at the NERC radiocarbon facility, East 
Kilbride. All samples consisted of a range of handpicked plant macrofossils which 
included leaves, seeds, twigs and stems (Table 4.4.2). Because there were relatively low 
quantities of each identifiable plant parts in the samples these were mixed in order to 
obtain the required sample weight. Unfortunately, four of the five ages were rejected from 
the age model on the basis that they were detennined to be either too young or too old 
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(rejected ages shown in grey on Fig. 4.4.3). The sample from 244 cm (Table 4.4.2.) was 
located well below the disturbed section of the peat but returned an age of -532 cal yr BP, 
more than 400 years younger than estimated age for this level of the sequence (Fig. 4.4.3). 
This sample comprised 'woody twigs' as there were few other identifiable plant remains. lt 
is, however, possible that these were misidentified woody roots which could have 
penetrated down to much older stratigraphic levels in the peat. Samples from 178 cm and 
200 cm resulted in very similar age ranges (Table 4.4.2). Only at 200 cm did the derived 
age (668~ 766 cal yr. BP) fit with the interpretations of the stratigraphy for a signature of 
human activities as well as the interpreted position of Kaharoa Tephra (Fig.4.4.3). 'Jhe 
sample from 178 cm was taken immediately above a charcoal-rich silty peat horizon most 
likely representing a flood event. A flood event could have easily remobilized and re-
deposited older plant material including leaves, stems and seeds on to the peat surface. 
The sample from 120 cm also returned an age which represented an age reversal based on 
accepted ages for the sequence. The position of the sample was also taken immediately 
above a silty-peat flood horizon which could account for the contamination by older 
carbon (Fig. 4.4.3). The age determined from sample at 70 cm depth was also considered 
too old based on the analysis of pollen assemblages (discussed below) and is also likely to 
have been affected by the contamination by older carbon as a result of disturbance 
activities on or adjacent to the site. 
The analysis of pollen assemblages in the core was undertaken (by Prof. Rewi Newnham, 
University of Plymouth) with the aim of determining the earliest (lowest) level of 
introduced pollen in the sequence, which would provide an approximation of the depth 
equivalent for ea. A:D 1840 which marks the introduction of exotic species by European 
settlers. The palynology also provided a test for the 14C chronology in the upper section of 
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the sequence. The analysis was undermined by the generally low volume and preservation 
standard of pollen grains, particularly at depths > 40 cm. This meant that it was not 
practical to count >I 00 dry land pollen (dip) grains at sample depths from 0 - 45 cm, 
normally considered sufficient for a secure interpretation. Below 45 cm to the end of the 
sampled sequence at 81 cm, pollen was not counted, but slides were scanned rigorously. 
Figure 4.4.4 shows pollen percentages for the upper 45 cm of the sequence. Table 4.4.3 
provides details of slides which were scanned for pollen below 45 cm down to 81 cm depth 
in the peat. 
The pollen content shows no significant changes throughout the upper 45 cm of the 
sequence with assemblages dominated by wetland (bog) taxa: Cyperaceae, Empodisma, 
Gleichenia and Leptospermum type, each fluctuating strongly in abundance downcore. In 
the dry land vegetation, a scattering of pollen from native trees and shrubs is outnumbered 
throughout by introduced trees, shrubs and herbs (in particular Pinus and Salix) and by 
grasses (Poaceae) which are also likely to include introduced species. Charcoal is abundant 
throughout and is especially prominent from depths 8 - 16 cm. At - 45 cm exotic pollen 
levels constitute c. 50% of the dryland (terrestrial) pollen. These results indicate that 
vegetation introduced during the European era was already well established in the vicinity 
of Opouatia Bog at the time of deposition of sediments now at 45 cm depth in the 
sequence. Indeed, the pollen spectra at 45 cm depth is similarto what would be expected in 
the pollen rain today at this site. From this evidence the sediments at 45 cm must post-date 
the early nineteenth century and possibly date to the twentieth century, providing a 
minimum age of -I 00 years BP for this part of the sequence (Fig. 4.4.3 ). 
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Below 50 cm to the base of the sampled sequence (at 81 ern) scanning of slides revealed 
the presence of pine (introduced) pollen down to 79 cm at least, suggesting that this depth 
is still likely to be less than 200 years old (after AD 1840). This pine pollen forms another 
tentative minimum age horizon which confirms that the age of the AMS date at 70 cm is 
too old. However, the poor preservation and low volume of pollen in these lower samples 
should caution against any confident interpretation. 
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Figure 4.4.3 Age model for core sequence OB1 from Opuatia Bog. Based on a linear 
interpolation through median age of one AMS 14C date, two tephrochronologlcal dates and 
two pollen markers. All rejected AMS 14C ages are also shown for illustrative purposes (see 
text). Refer to sample codes in Table 4.4.2. 2a error ranges shown by light grey lines 
between two tephra ages. Tephrochronological dates on the Taupo Tephra (*from Sparks et 
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al. 2008) and Kaharoa Tephra ( ... wiggle match date from Hogg et al. 2003). TPA, Taupo 
Pumice Alluvium. Note that the age of the TPA is estimated at -20 years after Taupo 
emplacement (Manville, 2001). 
Table 4.4.2 Conventional radiocarbon and calibrated ages on plant macrofossils extracted 
from section 081. Sample positions are shown in Figures 4.4.4. *Isotopic fractionation lS13C 
is expressed as "'oo wrt POP( ± 0.1 "'oo for NERC-obtained ages). Calibration curve used is 
shcal 04.14c (Southern Hemisphere calibration curve). *Based on a linear interpolation 
using tephrochronological age of Taupo Tephra (for TPA) and modern age for the top of the 
sequence. 
Conv.RC Calibrated aga Madian 
Stratigraphic age years 6''C., Estimated ranga(2o! calibrated aga 
Lab cods Sampla tO position' (cm) Sampla material BP ttsd 'l.(t0.1) age BP' cal yr BP cal. yr BP 
SUERC-13699 081_70 69-70 
stems and- 410t 35 -24.5 300 324-500 435 
SUERC-13709 081_120 1211-121 stems. seeds and toiys 924t 37 -25.6 700 n4-908 765 
SUERC-13710 081_176 178-179 stems, -and toiys 82&t 35 -25.3 600 664-76t 705 
SUERC-13711 081_200 199.>200 
stems and- 63&t 37 -26.t 900 668-766 710 
SUERC-13700 081_244 244-245 woody toiys 532t 37 -24.0 1000 495-55t 523 
Table 4.4.3·Description of Opouatia pollen slides scanned but not counted.due to low pollen 
concentration and poor preservation quality. 
Depth (cm) Pollen count Introduced pollen? Comments 
40 Too sparse to count Yes Charcoal abundant 
52 Too sparse to count Unknown 
56 Too sparse to.count Yes (pine) 
71 Too sparse to count No Charcoal abundant 
75 Too sparse to count No Charcoal present 
77 Too sparse to count Unknown 
79 Too sparse to count I pine grain observed Charcoal abundant 
81 Too sparse to count No Charcoal abundant 
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Figure 4.4.4 Pollen percentage diagram from Opouatia Bog for selected pollen taxa. Vertical scale denotes depth in cm. Below 43 cm, 
pollen was too sparse to count (see Table 4.4.5). 
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4.4.5 Tephra derived glass-shard content 
The glass shard content derived from this site reveals a complex picture of tephra 
deposition which is likely to reflect natural and human induced changes and developments 
in and around the site. Processing the samples to extract the glass shard content from the 
silty clayey horizons proved more problematic and samples required a great deal more 
processing (mainly sieving) than was the case for the highly organic peat from 
Moanatuatua Bog. It is possible that this additional processing may have also partly 
compromised the resulting glass shard concentrations derived from this site. The glass 
shard content is quantified for both clear and brown shards up through the sequence as 
shards (glass particles) per mg dry weight (per mg dcwt.) (Fig.4.4.5). Observations of shard 
character and morphology are described as for previous sites with reference to selected 
images given in Plate 4.4.2. 
The glass shard content from section OB l is based on !67 samples using a 2-cm-thick 
contiguous sampling strategy from 340 cm depth up l 0 cm depth and !-cm-thick up from 
l 0 cm up to the surface of the peat bog (Fig.4.4.5.) Below 340 cm the peat was considered 
too minerogenic and woody to derive a useful record of glass shard content. Clear and 
brown glass shards were identified throughout the sequence but in relatively low 
concentrations compared with the other Waikato sites investigated in this study and in 
varying states of preservation. There are four distinct changes in the pattern and 
concentrations of glass shards recognized up through the sequence which also coincide 
with changes in stratigraphy. These changes are shown as four zones (Zl-4) in the 
sequence in Figure 4.4.5. 
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081 t17CIWI 
Plate 4.4.4 Photomicrographs of minerals and glass shards from samples taken 
from 081 (a-f) (in order of depth in section) as referred to in the text. 
All shards are photographed from glass slide setting using manual SLR camera attached to a petrographic 
microscope and viewed at x400 magnification. Black bar on each image equals 50 1-1m in length. Section 
number and depth are labeled on each image. 
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Figure 4.4.5 Results of tephra-derived glass-shard counts derived from core 081 shown alongside, stratigraphy, 
organic content and age-depth model. The age-depth model is based on a linear interpolation through median age and 2o SD points of 2 
AMS dates (Table 4.4.2). * Wiggle matched age from Hogg et al. (2003); **from Sparks et al. (2008). TPA =Taupe Pumice Alluvium. 
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From 340 cm depth up to -290 cm (Z I) there are relatively high concentrations of clear 
shards which decline in concentration with the decreasing silt content of the peat as 
reflected by LOI values. Concentrations of brown shards remain very low. Clear shard 
concentrations comprise some large pumiceous clasts {>I 00 J.lm in length) characteristic of 
many rhyolitic deposits from TVZ eruptions. This level of the sequence is, however, at 
least 50 cm above the TPA which consists of predominantly in-washed pumice. The clear 
glass shard content at this position in the sequence is therefore likely to have derived from 
deposits (predominantly rhyolitic deposits) remobilised from sources adjacent to the site. 
Shard concentrations comprise some very pristine looking shards as well as some distinctly 
reworked shards with weathering pits and rounded edges, which are suggestive of differing 
modes of deposition. The weathered shards are particularly prominent in the silty peat 
horizons which would suggest that these have been incorporated within in-wash deposits 
during the early phase of bog development. The more pristine shards may represent 
windblown deposition from hill slopes on to the peat surface. There are no thick sequences 
of andesitic tephras (known) in the area around the site that would provide a source of 
secondary deposits preserved in the bog and this is borne out by the very low 
concentrations of brown shards in the silty peat in this zone. Despite low overall 
concentrations, brown shards in this zone lack typical sub-aerial or fluvial weathering 
features.and retain crystal inclusions and thus could represent primary fall deposits. 
Above 290 cm and up to -215 cm (Z2) where the restiad peat is well developed, glass 
shard concentrations remain at very low background concentrations (<I shard per mg dry-
wt.) reflecting a probable lack of in-washed or aeolian deposits. These concentrations of 
glass are punctuated by two distinct, discrete peaks in clear and brown glass at 270 cm and 
244 cm, respectively. Clear shards in the peak shard concentration at 270 cm depth appear 
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well preserved but are unlikely to represent a primary fall deposit based on the relative age 
of the horizon which is too old (at -I 060-1140 cal yr BP; Fig. 4.4.5) for the only known 
post-Taupo candidate rhyolitic eruption, the Kaharoa Tephra (636 ± 12 cal yr BP; Hogg et 
al. 2003). lt is more likely that this peak in shards represents a single erosion event, 
possibly a wind storm, which resulted in remobilisation of a tephra sequence from a nearby 
exposure. Brown shards at 244 cm were very distinct in character with clast sizes typically 
larger than average for brown shards in the sequence at -50 f.!m in length. Shards 
comprised typically dark brown elongate clasts with sparse crystal microlites (Plate 4.4.2 
t). The small microlitesin the brown shards appear well preserved. 
Above 215 cm and up to 70 cm (Z3) where the sequence changes to a possibly more 
disturbed lithology comprising silty peat horizons, there is a marked change in the 
concentration of glass shards. Average concentrations of both clear and brown shards 
increase by more than two-fold compared to the underlying zone of shards (Z2). Brown 
shards show the most distinct change in concentration and pattern. Clear shard content 
remains relatively low apart from a few horizons (180-188 cm; 128-130; 102-110 cm) 
where concentrations exceed I. 7 shards per mg d-wt (twice the calculated average shard 
concentration for this section of the sequence). These also coincide with increases in brown 
shards for the same levels in the sequence. Clear shards in these horizons appear well 
preserved. The peak in clear glass at 188 cm contains shards which are typically larger (70-
I 00 f.lm in length) than surrounding levels and comprise some distinct shards exhibiting an 
orange colouration. 
The highly fluctuating pattern of brown shard concentrations in this section of the core 
makes it difficult to identify individual peaks which could be interpreted to represent a 
primary fall deposit. The fluctuations supports the interpretation of the stratigraphy, that 
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these silt horizons were deposited under different depositional processes. Only two 
prominent peaks in shards at 178 cm and I 02-110 cm strongly exceed average shard 
concentration in this part of the sequence. The large peak(s) at 102-110 cm were derived 
from a very thin fibrous section of peat and calculations of shard concentrations may be 
artificially high due to low sample weight. Brown shards throughout this zone are typically 
very small (<40 Jlm in length) light-brown to yellowish-brown coloured, blocky shaped 
clasts rich in microlite inclusions. The majority of brown shards do not exhibit any distinct 
weathering features. In samples taken from the silty peat horizons, shards exhibit some loss 
of microlites including feldspar crystals and possibly indicating reworking or chemical 
weathering (Plate 4.4.2 e). There does not appear to be any relationship between shard 
content and the silty peat horizons as with shard concentrations in Zl (Fig. 4.4.5). Between 
120 and 70 cm the integrity of the peat is uncertain due to poor retrieval but it appears that 
shard content remains relatively high. 
Above 70 cm (Z4), average shard concentrations increase for both clear and brown glass 
and, as for lowerrnost section of the sequence (Z I), appear to reflect changing silt content 
as shown by LO! values. Concentrations derived for clear and brown shards for this section 
of the sequence also show a very similar pattern in changing shard content up through the 
section. lt is possible that this pattern relates an influx in tephra-rich deposits from 
surrounding hill slopes which are likely to have been deforested and with soils vulnerable 
to erosion. This interpretation is supported by the influx of sand-sized minerogenic 
particles observed in the samples from this part of the sequence (Plate 4.4.2 a) and by 
pollen analysis indicating European settlement in the region. Whilst clear shards in this 
section are almost certainly remobilised from nearby deposits and are likely to make up a 
component of the soils on the adjacent hillslopes, there are likely to be few sources of 
- 206-
Chapter 4 Waikato Sites 
brown tephra adjacent to the site. It is therefore likely that the concentrations of brown 
shards derive from either primary fall deposits onto the bog and on surrounding hill slopes 
or by reworking from underlying deposits in the peat. It is therefore possible that brown 
shards represent both primary and secondary deposition on to the bog. On the deforested 
hill slopes, these thin tephras would form an easily erodible surfical deposit which could 
explain the continuous concentrations of brown glass in this section of the sequence. 
Brown shards in this section of the core exhibit a typically blocky or tabular morphology 
and are very small (<40 J.lm) indicative of a distal source. Throughout this section, brown 
shards appear well preserved with very distinct microlite inclusions which show no 
characteristics suggestive of extensive sub aerial weathering (Plate 4.4.2 b-d). 
4.4.6 Geochemical character, correlatives and interpretation 
The results of geochemical characterisation of glass shard populations from the Opuatia 
Bog sequence by electron microprobe analysis are represented by a very limited number of 
analyses. In total only 24 assays were achieved from three sample levels in the sequence 
(indicated in Fig. 4.4.5), a smaller number than for the other sites due to problematic nature 
of the Opuatia sediments. Analyses from this sequence were also hindered by ineffective 
glass recovery and a high number of analyses were also rejected as analytical outliers or 
due to microlite contamination. This meant that the number of analyses obtained from each 
of the three samples and individual geochemical populations was insufficient to identify 
correlatives with any certainty. A summary of the analyses obtained from each level are 
shown in Table 4.4.4. Bivariate plots of these data using diagnostic oxide combinations are 
shown in Figure 4.4.6 (a and b) for glass with rhyolitic and intermediate chemistries. As 
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with previous sites the values presented are normalised to a 100 wt.% loss free basis (non-
normalised analyses are in the appendices). 
The major element composition of glass analysed from this site reveal both rhyolitic and 
intermediate (andesitic-dacitic) chemistries represented by clear and brown shards 
respectively. These analyses are comparable with values obtained from other sites 
investigated in this study (Moanatuatua Bog and Lake Rotoroa) which suggests that any 
physical and chemical weathering of the shards has not compromised the geochemical 
integrity of the deposits. Rhyolitic glass analyses are representative of at least two 
geochemical populations within the sequence. Values for Si02 range from 74.9 to78.6 
wt.% and show corresponding changes in analytical totals (94-99 %) possibly reflecting 
the source and age (increased hydration with age) of the source tephra. 
Intermediate glasses are predominantly dacitic in composition which is characteristic of 
Tufa Trig Formation tephras which have been identified in the other Waikato sites (Fig. 
4.4.6). As with analysis from the other sites, individual glass populations are 
heterogeneous in composition (Table 4.4.4). There is a wide range for Si02 values (62.8-
68.7 wt.%) but individual analyses achieve high analytical totals (average 98 wt.%). 
Analyses of intermediate glasses were evaluated for microlite contamination following 
methods by Platz et al. (2007) and a number of analyses were rejected. 
Analyses for the three samples (Fig. 4.4.5) are described and interpreted below in order of 
occurrence in the sequence. 
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Table 4.4.4 Electron microprobe analyses of tephra-derived glass shards from 
three sample depths in core 081, from Opuatia Bog. Sampling positions are 
shown in Figure 4.4.5. Mean values (in bold) and standard deviations of total 
number (n) analysis (of individual shards) normalized to 100% loss free (wt%). 
Analysis undertaken at NERC Tephra Analytical Unit, University of Edinburgh, in 
February and June 2007. Includes individual uncorrelated analyses from each 
level. Analyses of laboratory standards commensurate with Lake Rotoroa samples 
(section 4.3) Full details of laboratory standards are in the appendices. *Total iron 
as FeO, **water by difference. 
Anal. no. 1a 1b 1c 2a 2b 3 
Core/depth 081/180 cm 081/248cm 081/310 cm 
Source TnGYC TnGYC OYC TnGYC TnGYC TYC 
(Tephra) Tufa Trtg (TIB) Tufa Trtg (TI 5) Kaharoa ·Tephra Tufa Trfg (TI4) Tula Trtg (TI1) Taupo Tephra 
SiO, 84.15. 86.25 • n.28 0.36 86.94 1.49 62.89. 75.57 0.41 
AI,O, 14.93. 13.78. 12.58 0.25 14.62 1.14 14.85 • 12.94 0.23 
liD, 1.04. 1.12 • 0.10 0.01 0.95 0.10 1.06 • 0.23 0.03 
FeO' 6.24. 6.09. 0.93 0.08 5.21 0.73 6.59. 1.88 0.23 
M nO 0.20·' 0.07. 0.02 0.03 0.08 0.01 0.17. 0.12 0.06 
MgO 1.74. 1.52 • 0.09 0.04 1.15 0.09 2.38. 0.25 0.02 
CaO 4.44. 4.17. 0.73 0.21 3.97 0.94 5.37. 1.80 0.08 
Na,O 3.88. 3.73. 4.17 0.09 3.98 0.29 3:49. 4.48 0.15 
K,O 3.13. 3.05. 4.10 0.12 2.88 0.31 2.98. 2.90 0.12 
P,O! 0.25. 0.23 • 0.02 0.01 0.28 0.04 0.23. 0.05 0.03 
H,O" 7.45 • 0.89 • 7.98 0.00 1.99 1.00 1.57 • 3.20 1.71 
n 2 4 s 
Anal. no. Id Jb 3c Jd 37 
Coreldapth 081·180 081.J10 
Unc.orrelated 
SiO, 77.18 78.26 78.62 78.58 77.75 
A1,01 12.33 12.10 11.94 12.82 12.21 
no, 0.17 0.11 0.14 0.14 0.10 
FeO' 1.44 1.18 0.91 1.38 0.98 
MnO 0.09 0.02 0.00 0.18 0.02 
MgO 0.13 0.11 0.05 0.12 0.09 
CaO 1.18 1.02 0.56 1.23 0.94 
Na,O 4.07 3.91 3.n 4.14 3.81 
K,O 3.43 3.28 4.00 3.83 4.10 
P,O! 0.01 0.01 0.00 0.00 0.00 
H,O"* 1.63 5.76 6.02 3.46 4.91 
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Figure 4.4.6 Bivariate plots of normalized analyses from core OB1. All data are normalised 
to 100% loss free. {a) Total alkali-silica diagram (TAS; after Le Bas et al. 1986) with 
compositional ranges and envelopes for potential correlative tephras. (b) Plot of FeO (total) 
versus 5102 for andesitic/dacitic glass analysis. Inset, plot of FeO {total) versus Al20 3 used 
to identify analyses of intermediate glasses affected by microlite contamination following 
Platz et al. {2007). 
t mean compositional ranges from Lowe et al. (2008). a Compositional ranges for Ruapehu Tufa Trig (Tf) 
members Tf2, 4-6, 9, 10, 14 and 19 from Donoghue et al. (2007); data presented are normalized to loss-free 
basis). b Tephra sample taken from the flank of Mt Ruapehu in 2005. c Mean and standard deviation of 
compositions derived from widespread Tufa Trig Formation members from Donoghue et al. (1997; 2007; 
normalised to loss free basis). Data points represent mean and standard deviation. 
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Sample /. OB 1- 310 cm: TnG VC Tf4 and one grain uncorrelated Tf tephra 
This sample is representative of a zone of declining clear shard content in the lowest 
section of the sequence ~ 80 cm above the TPA and dates to ~ 1300-1400 cal yr. BP, - 400 
years after Taupo Tephra eruption event (Fig. 4.4.5). lt was anticipated that analysis of 
glass from this sample would provide an insight into the sources of the background 
concentrations of clear shards in the peat. 
A total of nine assays were obtained from this sample, all showing a rhyolitic composition 
Wig. 4.4.6 a). Five of the eight analyses closely correspond with the Taupo Tephra which 
although not seen as a fall deposit in the peat sequence is likely to have formed deposits 
several centimetres thick in the region (e.g. Tonkin, 1967). lt is therefore likely that these 
deposits were incorporated into the soils on surrounding hill slopes which were subject to 
sustained erosion and deposited by the wind and as inwash on to the early bog site. The 
other four analyses are uncorrelated to recent tephra units but are likely to represent a mix 
of much older tephras (e.g. Mamaku Tephra -8000 cal yr BP; Fig. 4.4.6 a) which are likely 
to be have been present near the site and also incorporated into the in-wash on to the site 
(e.g. Lowe, 1988b). These analyses demonstrate the longevity of tephra in the-environment 
from relatively thick rhyolitic sequences and the problems with identifying tine tephra falls 
in minerogenic rich sequences in volcanic regions. 
Sample 2. OB 1- 245-247 cm: TnG VC Tf4 and one grainuncorrelatedTftephra 
This sample represents a discrete, prominent peak in brown shards in the undisturbed 
section of the peat sequence (Fig. 4.4.5). A total of eight assays were obtained from this 
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glass sample to reveal a predominantly dacite chemistry. These analyses are represented by 
a typically heterogeneous composition with Si02 ranging from 62.9to 69.7 wt.%. Three of 
these analyses were, however, rejected due to microlite contamination (Fig. 4.4.6 b inset). 
When plotted against compositional ranges for candidate Tf member tephras, four of the 
remaining five glass analyses closely correspond with the Tf4 tephra which has a distinctly 
higher Si02 composition than subsequent Tf members (Donoghue et al., 1997). Glass 
populations similar in composition to the Tf4 tephra have been detected at similar 
stratigraphic levels (between the Taupo and Kaharoa tephras and with a significant time 
separation to subsequent and closely spaced Tf members TfS-8) in both Moanatuatua Bog 
and Lake Rotoroa sites. The source of the one analysis that does not correlate with Tf4 
remains uncertain but it is possible that this is an analytical outlier or relates to an older 
reworked Tf member. It cou Id also represent a yet unknown, uncorrelated Tf member. The 
age range derived for this glass concentration in the sequence is ~91 0-1040 cat yr BP 
based on 2cr error age range from the age model (Fig. 4.4.5). This is slightly younger than 
the same geochemical population identified in Moanatuatua Bog at 1000-1260 cat yr BP. It 
is likely, however, that that the age model for this site is constrained by the low number 
and integrity of the ages determined. 
Sample 3. OB/- 180-182 cm: two grains of Kaharoa Tephra, two grains ofTnG VC (1]'5-
8?), one grain reworked, uncorrelated tephra 
Sample 3 marks a peak concentration in clear and brown glass within a wider zone of 
elevated shard concentrations in the sequence. Problems Were encountered in analysing 
this sample and only five glass analyses were achieved which are insufficient to make any 
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rigorous interpretations. These analyses included three rhyolitic and two dactic glasses. Of 
the three rhyolitic glasses, two correlate with the Kaharoa Tephra which has a very 
distinctive composition characterized by high Si02 (77.3 wt.%) and K20 (~4.1 wt.%) and 
low CaO (-0.7 wt.%) compared with older OVC derived tephras (Lowe et al., 2008b). As 
with assays of Kaharoa Tephra-derived shards from the other Waikato sites, these glass 
analyses also achieved relatively high analytical totals (98 wt.%) compared with older 
rhyolitic sourced glasses (e.g. Taupo Tephra (core MR2)- av. 96.3 wt.%) which may be 
indicative of the relatively young age of the tephra. Despite the very low number of 
analyses these provide some evidence that the Kaharoa was deposited on the site and is 
preserved in the sequence at or close to the sample position. The age range of the section 
containing elevated clear shards ( 175-190 cm depth), based on the age-depth model (Fig. 
4.4.5) is -600-750 cal yr BP which is also in the age range for the deposition of the 
Kaharoa Tephra (624-648 cal yr BP; Hogg et al. 2003). 
The additional shard analysis correlates more closely with the Taupo Tephra but could also 
represent any number of older reworked rhyolitic tephras. These older units arc likely to 
have been disturbed and remobilised as a result of deforestation by early human settlers 
and, as shown in Moanatuatua Bog and Lake Rotoroa, form the subsequent background 
glass concentration through the sequence. Analyses from this shard are classified as 
uncorrelated in Table 4.4.4. 
The two dacitic glass analyses fall within the range ofTufa Trig tephras from Mt. Ruapehu 
and closely correspond with compositional ranges for Tf members Tf5 and Tffi (Fig. 4.4.6 
b). Tephras Tf5 and Tffi are two widespread Tf members. lt is suggested in Wilmshurst 
( 1997) that the Kaharoa Tephra just overlies Tf5. This relationship is not certain because 
- 213-
Chapter 4 Waikato Sites 
no data on the positive identification of the Kaharoa Tephra in Hawkes Bay lakes were 
given by Wilmshurst (1997). The identification of the Kaharoa Tephra in the Tongariro 
National Park by 0onoghue et al. ( 1995b; and Donoghue et al., 1997) may be a 
miscorrelation because a similar-looking white tephra layer in that area has been identified 
as deriving from Egrnont Volcano (D.J. Lowe pers comm., 2008). 
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Table 4.4.5 Summary of glass shard populations analysed and identified in core 081 including relative ages. 
Age ranges based on 2 sigma range on age depth model and taking into consideration the vertical extent of 
shard concentration and geochemical populations (Fig. 4.4.4 and Table 4.4.2). * Unable to interpolate age. 
Sample 
no./core 
1/0B1 
2 
3 
Depth in 
core (cm) 
of sample 8 (shard cone.] 
310 
245-247 
180-182 
[175-165] 
No. of shards 
in populatlon 
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4 
(a) 4 
(a,b)2 
(c) 2 
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source 
(VC)" 
TVC 
Tng 
Tng 
ovc 
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1 Hogg et al .. 2003; 
2Newnham et al., 1998 
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4.4. 7 Summaty of findings and resultant issues 
I. Opuatia Bog is a young restiad peat bog approximately situated halfway between 
Moanatuatua Bog and Lake Pupuke and is formed on pumice alluvium (TPA) 
emplaced several decades.after the AD 233 ± 13 Taupo eruption. 
2. One peat sequence was ·collected from the site down to the TP A although some 
sections of the sequence were poorly retrieved. 
3. The lithostratigraphy of the bog reflects the transition of the bog from a low lying 
valley mire receiving mineral-rich inwash from the surrounding hill slopes to a 
fully developed ombrogenous restiad bog hydrologically separate from surrounding 
drainage by -1200 cal yr. BP. There is a strong change approximately halfway up 
the sequence marked by an increase in charcoal layers and poorly decomposed 
plant horizons possibly reflecting initial human activities around the site. Several 
silty peat horizons which occur above 1·80 cm depth (after -600 cal yr BP) are 
likely to have derived from flood events similar in magnitude to the 2004 Waikato 
River flood and likely to represent a change in the catchment (possibly also due to 
human activities). In the upper section of the sequence an increase in silts is likely 
to have derived from windblown soils remobilized by agricultural activities on 
adjacent hill slopes. A decrease in silt at the very top of the sequence is likely to 
reflect changing land use practices to more intensive methods introduced by 
European settlers. 
4. The glass shard content derived for the sequence appears to provide a sensitive 
indicator of changes in and around the bog which support the interpretation of the 
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stratigraphy. In the lower section of the sequence representing peat development 
well before human arrival (>700 cal yr BP), the glass shard content is represented 
by very low background concentrations but with distinct peaks in glass shards 
likely to represent primary fall deposits or discrete erosion events. In the upper half 
of the sequence, concentrations of brown and clear glass shards increase markedly. 
These are represented by highly fluctuating pattern of shard content - possibly the 
result of both primary fall deposits as well as sustained remobilization and erosion 
of tephras by the wind from deforested hill slopes around the bog. This complex 
pattern of glass shards makes it difficult to identify individual horizons derived 
from primary fall deposits. In the top -50 cm of the sequence an additional increase 
in average glass content coincides with increase in windblown silts and is likely to 
reflect the intensification of agricultural practices by European settlers resulting in 
increased remobilization of older deposits from surrounding hill slopes. 
5. Table 4.4.5 provides a summary of tephras tentatively identified ti'om the sequence 
based on a number of criteria including EMPA, age, stratigraphic position and 
observations of shard preservation. The small number of glass analyses obtained 
from this site by EMP, provide only a limited insight into the source of glass in the 
sequence. At the base of the sequence the occurrence of Taupo Tephra (as TPA) 
and older tephras eonfirn1 that older tephras were remobilized and redeposited into 
the bog and are likely to form the background tephra shard concentrations 
throughout the sequence. Analysis of the distinct peak in brown shards in the lower 
section of the sequence confirms this tephra as the compositionally distinct Tufa 
Trig member Tf4, also identified in other Waikato sites. Analysis of an indistinct 
horizon of elevated clear shard content in the middle of the sequence confirms the 
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occurrence of the Kaharoa Tephra preserved as a cryptotephra in the site. This 
identification is supported by both the sequence stratigraphy and chronology. The 
zone of clear shards coincides with a peak in brown shards most likely to represent 
Tufa Trig member tephras Tf5-8 deposited a relatively short time before and after 
the Kaharoa Tephra. 
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CHAPTER 5: LAKE PUPUKE, AUCKLAND REGION 
5.1 Auckland Region 
This chapter presents results from Lake Pupuke of the Auckland Region of the North 
Island, New Zealand. These results follow the same format used in the previous chapter 
and include: (I) a description and background to the site; (2) details of the sample 
collection; (}) core description, including lithostratigraphy and organic content of the 
sediment sequences; (4),construction of age models; (5) the tephra-derived glass content of 
each sequence; and (5) geochemical composition and identification of cryptotephras. 
Finally, a summary of the main findings and issues arising from the site is presented. 
The Auckland Region covers an area of 6,059 km2 between the northern edge of the 
Waikato Region and the Northland Region to the north and includes the islands of the 
Hauraki Gulf (Fig. 5.1). In contrast to the Waikato Region, the Auckland Region is much 
more densely populated. The region as a whole contains -32.4% of the New Zealand 
population (I ,303,068 people), the majority of whom live within Greater Auckland City 
(henceforth referred to as Auckland City), by far the most populated urban area in the 
whole country (Statistics New Zealand, 2008). 
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Figure 5.1. Location map of Auckland City and location of Lake Pupuke. Inset left: 
lake bathymetry (depths in metres) and approximate locations of core sites. Inset 
right: the Auckland Region shown by dark grey shading. Map modified from 
Augustinus et al. (2006). 
The Auckland and Northland regions occupy a fairly narrow northwesterly trending 
peninsula which has been shaped by the underlying geological structure (Ballance & 
Williarns, 1992). Paleozoic rocks form the main basement rocks of the peninsula and are 
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overlain by deposits from Tertiary and Quaternary volcanism. Several phases of extension 
related, intraplate phreomagmatic and magmatic activity have occurred since the early 
Pleistocene (Cassidy et al., 1999). The youngest of these, the Auckland Volcanic Field 
(A VF), is confined within the limits of Auckland City covering an area of c. 360 km2 and 
includes a variety of basaltic structures including lava field, tuff rings, maars, cinder cones, 
small shield volcanoes and lava lakes (Fig. 5.2) (Ballance & Williams, 1992; Cassidy et al., 
1999). Activity in the A VF commenced ea. 260,000 years ago (Marra et al., 2006; Smith 
& Alien, 2007; Augustinus et al., 2008) and has since produced a cluster of -49 basaltic 
volcanoes and edifices, most resulting from monogenic activity (i.e., wherein each crater or 
centre erupts only.once). The erupted rocks are predominantly alkali basalts and basanites. 
The largest and most recent of AVF activity occurred ea. AD 1400 (Nichol, 1992) and 
resulted in the formation of Rangitoto Island, a shield volcano located near the entrance to 
Waitemata Harbour (Plate 5.2 a). The eruption of Rangitoto produced 2.3 million cubic 
metres of lava and 19 million cubic metres of pyroclastic deposits including ash and scoria, 
found >5 km from the vent, which would have had localised impacts. There is some 
evidence that ash fall occurred in four separate phases over a relatively short time period 
(McFadgen, 200n The actual date or timing of the Rangitoto eruption is, however, a 
matter of ongoing debate and is complicated by some very recent evidence which suggests 
that the volcano was the product of possibly several separate eruption events {Nichol, 
1·992; Cassidy et al., 1999; Needham et al., 2008). There is, however, abundant 
archaeological evidence that shows the eruption(s) must have been witnessed by early 
Polynesian (Maori) settlers (N ichol, 1992; Lowe et al., 2000; McFadgen, 2007). 
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'Jhe Auckland Region is characterized by a warm to temperate climate with moderately 
high annual rainfall. Mean daily temperatures in the region reach 23. 7°C in February and 
14.5°C in July (NIWA, 2007a). Average annual rainfall in the region is 1240 mm, spread 
fairly evenly throughout the year. Auckland straddles a distinct boundary between 
biogeographic zones to the north and south and as a result is particularly important for 
records of climate change (Newnham et al., 2007a). 
5.1.1 Late Quaternary records from Auckland maars 
Auckland maars have been an important resource for obtaining high resolution 
palaeoclimate records which extend for a significant part of the Mid-Late Quaternary 
(-260 ka) for a number of studies (e.g. Sandiford et al., 2001; Pepper et al., 2004; 
Horrocks et al., 2005; Augustinus, 2007; Newnham et al., 2007a; Augustinus et al., 2008). 
Lake Pupuke is, however, the only maar to preserve Holocene lacustrine sediments and as 
a result provides a key archive for palaeorecords for this time period extending from pre-
human settlement to the modem urban environment of today (Newnham & Lowe, 1991). 
The maars also contain an extensive record of Late Quaternary multi-sourced tephra layers 
(Newnham et al., 1999a; Sandiford et al., 200 I; Shane & Hoverd, 2002; Molloy & Shane, 
2oon These tephras provide a detailed chronology and correlative markers to support the 
palaeoenvironmental records obtained from these sites. More than 70 tephra layers have 
been preserved as visible layers in the lake sequences since ea. 70 ka, derived from distant 
and local sources (Newnham et al., 1999a; Sandiford et al., 200 I; Shane & Hoverd, 2002; 
Shane, 2005; Molloy & Shane, 2007). The tephra records have also provided very 
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important insights into the potential frequency of eruptives likely to affect the metropolitan 
area in the future (Shane, 2005; Molloy & Shane, 2oon 
Tephras in the Auckland maar sequences include a large number of rhyolitic layers from 
Okataina and Taupo volcanic centres as well as a large number of andesitic-dacitic tephras 
from more voluminous or widely dispersed eruptives from Egmont and Tongariro 
volcanoes. A total of 43 visible andesitic tephras has been detected in the maarrecords for 
the last -70 ka (Shane, 2005). These records suggest a frequency of fall deposits from 
andesitic volcanoes of once per -960 years on average (Molloy & Shane, 2007). The 
majority derive from Egmont volcano which is located 270 km SW of Auckland. Tephras 
from TnG VC sources are predominantly in the upper parts of the sequences, within the 
past ea. 15.7 cat. ka (Shane, 2005). Andesitic-dacitic tephras have, however, not been 
identified in the Lake Pupuke sequence after -9 cat. ka BP and it is thought that this 
absence is the result of changing wind pattems after the Last Glacial Maximum (Shane & 
Hoverd, 2002; Molloy & Shane, 2007). Basaltic tephras from the small scale eruptions in 
the A VF area also are preserved in the maar sequences, interbedded with well-dated silicic 
tephras. lihese sequences have provided an important record for understanding the timing 
and frequency of A VF eruptions (Shane & Smith, 2000a). 
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Plate 5.1 . Panorama photograph of Lake Pupuke with Rangitoto volcano in the background view. Image taken by author from the western 
edge of the lake. 
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Plate 5.2 Satellite images of Lake Pupuke and surrounds: (a) in relation to Rangitoto 
volcano and Waitemata Harbour; (b) showing infrastructure around the lake. White dot 
indicates approximate location of core retrieval (Puk5). Images from Land Information, New 
Zealand: Orthophoto NZTM BA32 (2003/04). 
http://www.linz.govt.nz/core/topography/aerialandorthophotos/nztmorthophotos/ba32/index. 
html) 
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Figure 5.2. Auckland Volcanic Field showing location of named basaltic cones and maar 
craters in relation to TVZ and Egmont/Taranaki volcano (inset). Figure from: Augustinus 
(2007). 
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Figure 5.3 Post-26.5 ka tephrostratigraphy of palaeolake sediments from the Auckland area. 
Figure from Shane (2005). 
5.2 Lake Pupuke 
Lake Pupuke (36° 46' 48" S, 174° 45' 58" E) is a large, deep, freshwater maar lake situated 
in North Shore City, part of the larger Auckland metropolitan area (Fig. 5. 1, Plate 5.2 a, b). 
[t is the site most distal from the main CNl volcanoes used in this study and is strategically 
positioned in New Zealand's most densely populated metropolitan area. 
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5.2.1 Site description 
Lake Pupuke represents one of a number of maar craters of the A VF which formed as a 
result of ground level explosions from localized intraplate basaltic activity (Fig. 5.2). The 
formation of the maar craters is the result of phreomagmatic activity - interactions 
between lava and water which produce large, effectively circular blow-out craters that are 
surrounded by a tuff ring (Lowe & Green, 1992). Many of the maar craters of the A VF 
were gradually filled with water and comprised a lake at one time or another in their 
history. Lake Pupuke, however, is the only remaining freshwater maar in Auckland (Fig. 
5.2) (Augustinus, 2007), the other maar lakes having been breached by rising sea level in 
the early Holocene ( -8 cal. ka; Shane, 2005). The Lake Pupuke maar is believed to have 
formed ea. 260,000 years ago (Augustinus et al., 2008). 
The lake forms a round, deep basin less than 200 m from the edge of the sea on its eastern 
margin. Although the lake is only -5 m above present sea level, it is protected from 
saltwater influx and erosion by a thick tuff edge (Horrocks et al., 2005). There is no 
evidence that the lake has ever been breached by the sea (Augustinus et al., 2006). The 
lake and its catchment are situated entirely in the residential part of the city and private 
housing extends right up to the lake edge (Plate 5.2 a). The lake occupies -57% of its 
catchment area which supplies a small amount of runoff into the lake basin. However, the 
lake is essentially a hydrologically closed system receiving most of its inputs from 
rainwater. Minor outputs from the lake occur in the form of coastal springs but evaporation 
is the dominant means of water loss (Augustinus et al., 2006). In total the lake covers a 
surface area of 1.1 km2 and has a bowl-shaped bathymetry which increases in depth toward 
-228-
Chapter 5 Auckland Region site 
the centre (Fig. 5.1 ). The lake has a volume of 2.9 km3 and a maximum depth of 57 m 
(Horrocks.e/ al., 2005). 
The environment around the lake has changed dramatically in the last few centuries. Pollen 
analysis on Auckland sites reveal that during the mid-late Holocene, prior to human 
arrival, the Auckland Region would have been surrounded by mixed kauri/podocarp 
angiosperrn forest and landscape conditions were considered to have been relatively stable 
(Newnham & Lowe, 1991'; Horrocks et al., 2005). The arrival of Polynesian settlers 
(Maori) to the area, probably late in the 13'11 Century or early in the 14'11 Century, led to 
rapid deforestation and the start of modifications of many landscape features (Newnham & 
Lowe, 1991 ). Abundant archaeological evidence suggests that the region was an important 
population centre where the Maori population may have peaked at ~20;000. The warm 
climate and the natural bays meant that, upon the arrival of Europeans to the region in the 
late 1700s to early 1800s, the area became an important population centre and rapid 
development followed. Lake Pupuke now has an urban setting surrounded by residential 
buildings, recreational facilities and parkland. In recent years, along with increased human 
development around the lake, the lake has provided a number of uses including a 
repository for raw sewage in the early 1900s and recreational pursuits (Augustinus et al., 
2006). The addition of sewage to the lake resulted in problematic algae growth which was 
treated by the addition of copper sulphate in 1932 and 1939. The addition of these 
chemicals now provides a clear chemical marker in the lake sediments. 
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5.2.2 Core collection 
Three sequences from Lake Pupuke were used in this study, all collected by Dr Paul 
Augustinus (University of Auckland) as part of a multi-site, multi-proxy investigation of 
Auckland maar sequences (NZ-Maar; Augustinus, 2007). Cores Puk5 and PukF were 
collected in 2002 and PS_ 06 in 2006 (Fig. 5.4). Core sequences were collected from the 
deepest part of the lake (Fig. 5.1) using a Mackereth-type corer with 65 mm diameter PVC 
tubes (Augustinus et al., 200S). Only the upper sections of the sequences, up from the 
visible component of the Taupo Tephra ( 1717 ± 13 cal yr BP), were provided for this 
study. 
In core Puk5 the visible Taupo Tephra is identified at 167.3 cm depth but because the top 
of the sediments was not obtainable, the exact depth from the surface of the modem 
sediments is uncertain. As a consequence, the top -S4 cm of waterlogged, unconsolidated 
sediments were collected close to the Puk5 core site using a flat-face freeze corer using 
C02 pellets (dry ice) (Augustinus et al., 2006) (PukF; Fig. 5.4). Samples from Puk5 
provided for this study included complete sections of the remaining, dried, core although 
there were some gaps where large samples had been extracted. PukF was sub-sampled 
shortly after the section was defrosted at the University of Auckland laboratories. 
Core PS_ 06 was collected in 2006 from a position close to Puk5 to provide for more 
detailed analysis on the Lake Pupuke maar record (Fig. 5.1 ). Because of an improved 
coring technique it was possible to collect a near-complete sequence from surface of the 
lake bottom (sediment-water interface) down to the visible Taupo Tephra at 210 cm depth. 
A gap in the core ( 136-160 cm) may be due to core slippage rather than a missing section 
of the sequence although this cannot be discounted. Samples provided for this study 
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included the remains of material used for loss-on-ignition (LOI) measurements taken from 
0.5 cm-thick contiguous samples. The samples used for LOI measurements were suitable 
for glass shard extraction and counting. Samples required for geochemistry were, however, 
sampled from the original core. 
Prior to commencmg cryptotephra analysis, it was possible to align the three cores 
accurately using visible tephra layers and a chemical marker, as shown in Figure 5.4. 
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Figure 5.4 Summary of core sections from Lake Pupuke used in this study including visible 
tephra layers. :1: from sediment water interface, t from the top of retrieved core. *Ages from 
Sparks et al., 1995, 2008; ** estimated age from Nichol, (1992). The chemical marker comes 
from the addition of copper sulphate into the lake in 1939. 
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5.2.3 Core description: lithostratigraphy, organic content and visible 
tephrostratigraphy 
All sequences from Lake Pupuke used in this study consist of partially laminated 
sediments of fine organic and diatomaceous rich muds. The laminations in the sequences 
are millimetre to sub-millimetre-thick alternating dark and light layers consisting of 
minerogenic and diatom rich deposits, respectively, possibly representing annual or quasi-
annual cycles of enhanced summer and reduced winter productivity (Pepper et al., 2004; 
Augustinus et al., 2008). The lake sediments were also rich in sponge spicules, the 
mineralised calcareous or siliceous skeletons of sponges. 
Both Puk 5 and PS 06 cores contain two visible tephra horizons which include the 
rhyolitic Taupo Tephra ( 1717 ± 13 cat yr BP) and the basaltic Rangitoto Tephra (c. 550 cal 
yr BP; Lowe et al., 2000). The Rangitoto Tephra (originally defined by Froggatt and Lowe, 
1990) is the product of localised distribution of ash and other pyroclastic material from the 
largest and most recent AVF eruption which evidentially resulted in the 'main' (alkalic) 
phase of formation of Rangitoto Island. A likely 'second' or final (tholeitic) phase, 
identified recently by Needham et al. (2008), was less voluminous and produced much 
thinner ash fallout. A 'precursory' phase (i.e., before the main alkalic phase), also tholeitic, 
may have occurred as well (Shane and Smith, 2000). Evidence for the occurrence and 
timing of these three possible phases (precursory, main, second/final) in the formation of 
Rangitoto Island is presented and discussed below, although it is emphasized that the 
cryptotepha-derived evidence for the 'precursory' and 'second' phases is provisional 
because of the possibility of reworking in a lacustrine environment and because of the 
limited numbers of analyses. 
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Rangitoto Island is located less than 5 km from Lake Pupuke (Fig. 5.2 a). The precise 
timing of the main alkalic phase of formation of Rangitoto Island, and the associated 
visible tephra fall, has been uncertain (N ichol, 1992). The best estimate of age was derived 
from two radiocarbon ages obtained on short-lived material: 548-434 ea! yr BP (AD 1402-
1516) (Nichol, 1992; Lowe et al., 2000). A recalibration of these ages using the current 
Southern Hemisphere calibration series SHCal04 (McCormac et al., 2004) through the 
calibration programme Calib (Stuiver & Reimer, 2005) (Version 5.0.2html.) refined this 
age range to 526-45 I cal yr BP (2o range) (AD 1424-1499). This age estimate was 
supported generally by several additional radiocarbon dates, by hydration age dating and 
several other lines of evidence including paleomagnetism and thermoluminscence (Lowe et 
al., 2000). 
Detailed lithological, sedimentological and geochemical work has been undertaken on all 
three core sections used in this study and some of these data have already been published 
(Horrocks et al., 2005; Augustinus et al., 2006; 2008). The most detailed analyses have so 
far been undertaken on core PS_ 06. A selection of the data for this core is shown in Figure 
5.5. Measurements of LOI and total organic carbon were carried out on all sections to 
provide a measure of organic productivity in the lake and provide a useful guide to 
changing sedimentation in the lake in recent centuries. 
In both sequences, particle size analyses show a subtle fining of sediments up the core 
above the Taupo Tephra from fine to very fine silts. This change to finer sediments has 
been attributed to increased diatom productivity which has been particularly prevalent in 
core PukF which represents the last -200 years of sedimentation (Augustinus et al., 2008). 
This change in particle size also coincides with a change in sedimentation rates and a 
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decrease in organic productivity shown by LOI measurements. Using a combination of 
dating techniques for core Puk5 and PukF, Augustinus et al. (2006) recorded a dramatic 
tenfold increase in sedimentation rates to 4.5 mm/yr for at least the last 190 years m 
comparison with an average of0.35 mrn/yr between the Taupo and Rangitoto tephras. 
Puk5 
The two visible tephra layers in Puk5 have been identified in previous investigations and 
geochemical analyses were undertaken to confirm source and eruption events (Horrocks et 
al., 2005). The Taupo Tephra is at the base of the sequence used in this study at 168 cm 
depth and consists of a very thin (-2 mm) coarse ash layer. The Rangitoto Tephra is 
identified as a single coarse ash layer between 24 and 27 cm depth, 141 cm above the 
Taupo Tephra. In Horrocks et al. (2005) the Rangitoto Tephra in core Puk5 comprised two 
discrete layers separated by laminated lake sediments. However, this separation was 
difficult to see in the core section when observed at a later date. In the present study, 
microscopic observations of samples resulted in the discovery of two horizons in the core 
containing charcoal (not visible from the core stratigraphy) between depths 152 to 155 cm 
and another relatively fine charcoal horizon at 38 cm. In core Puk5, only low resolution 
analyses were obtained for LOI measurements. These showed a fluctuation in organic 
content at around 40% organic matter with a marked excursion to lower organic content 
from -15 cm below the Rangitoto Tephra and decrease to less than 30 % organic at the 
very top of the sequence (Fig. 5.4 ). Core Puk5 consisted. of material that had been air dried 
over a period of three years after it was initially collected. As a result, some shrinkage of 
the core material had occurred and hence explains some of the discrepancies between the 
replicate core P8 _ 06. 
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Figure 5.6 Photographs of the top 40 cm of Lake Pupuke sediments obtained as a freeze 
cores (figure from Augustinus et al., 2006). Note that this photograph is from a replicate 
sequence and the depths do not match exactly with the core used in this study. 
PukF 
The freeze core from Lake Pupuke represents the top sediments missing from Puk5 but it 
was not certain, on collection, whether there was an overlap with section Puk5 (Fig. 5.4). 
Depths are equal to measurements from the top of the core, not necessarily depths from the 
actual surface, although this assumption is made with the age model constructed by 
Augustinus et al. (2006). The section consists of finely laminated muds throughout (Fig. 
5 .6). The laminations are very clear from 44 cm to I 0 cm but below 44 cm they are much 
less clear. The top 10 cm of the sequence was badly disturbed possibly as a result of the 
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coring method or the sloppy nature of the very surface sediments (Fig. 5.6), or both. The 
section does not contain the Rangitoto Tephra but does have two visibly dark, 1.5-mm-
thick horizons at 30 and 28 cm attributable to copper sulphate applications into the lake in 
1939 and in 1932, respectively (Augustinus et al., 2006) (Fig. 5.4). The origin of these 
layers was confirmed through detailed geochemical analysis. LO! measurements in the 
core showed an average organic content of 27.5%. This represents a -10 % decrease in 
average organic content compared with that recorded in PukS (Fig. 5.4). Augustinus et al. 
(2006) attributed this decrease to increased erosion and inwash from around the lake 
subsequent to Polynesian arrival in the region. 
PB 06 
Core P8 _ 06 is the most recent sequence collected from Lake Pupuke and represents the 
longest and most complete of the three cores from the site used in this study (Fig. S.S). The 
Taupo Tephra marks the base of the sequence at 210 cm depth and the Rangitoto Tephra 
forms a single visible ash horizon at 62-63 cm depth (I 57 cm between the two tephras). 
Therefore, the length of the core section between the two tephras in P8 _ 06 is 16 cm longer 
than in PukS - if the 30 cm gap in the core represents a missing part of the sequence. If the 
gap is the result of core slippage, the sediment accumulation would be 24 cm less than 
PukS, not accounting for shrinkage in that core. Samples provided from the core were 
extracted from the fresh, wet core and are unlikely to have been affected by shrinkage as 
with PukS. 
- 238-
Chapter 5 Auckland Region site 
Measurements of organic content for this core by LOI and provided by Dr Paul Augustinus 
were obtained from 0.5 cm resolution, contiguous samples and provide a very detailed 
measure of changing organic productivity and inorganic inputs into the lake since the 
deposition of the Taupo Tephra Wig. 5.5). The general trend of organic content shows a 
steady fluctuation between the Taupo Tephra up to -80 cm depth with average organic 
content -69 % (± 8.2). Above -80 cm depth there is a slight decline in organic content up 
to the visible Rangitoto Tephra (av. -59.8% ± 5.6 organic content) (Fig. 5.5). Above the 
Rangitoto Tephra up to the top of the core there is a significant decrease in organic content 
of -40% compared with average values pre"Rangitoto Tephra shown by two rapid jumps at 
53 and 30 cm. At 4 cm depth in the core, 2 cm above the J,9JOs copper peaks, the lowest 
values for organic content are recorded. These low values are likely to reflect rapid 
development around the lake in the 20111 Century. 
5.2.4 Age-depth models 
Age-depth models were developed for all three cores used in this study to facilitate age 
determinations of identified glass concentrations and for cross-core correlation. The age 
models for Puk5 and P8 _ 06 were developed using a combination of tephrochronological 
ages and chemical and pollen markers. The dating of PukF is based on an existing age 
model using 210Pb measurements, chemical and pollen markers (Augustinus et al., 2006). 
Radiocarbon dating was not attempted for any of these sequences as a result of previous 
problems establishing reliable 14C ages for Pupuke and other maar lake sediments (Pepper 
et al., 2004; Horrocks et al., 2005; Augustinus et al., 2006; 2008). These problems have 
been attributed to a pervasive old-carbon effect i11 the lakes that partly arises from a hard-
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water effect (e.g., Sandiford et al., 200 I) and partly from human-induced inwashing of old 
carbon from the catchment following Polynesian settlement as has been observed in other 
lacustrine environments in northern New Zealand (e.g., Newnham et al., 1998; McGione 
and Wilmshurst, 1999). Because of the intermittent nature of the laminations in the part of 
the lake sequence used in this study, layer counting was not deemed feasible as a 
chronological tool. The Rangitoto Tephra was not added to the age models used here 
because the age of this tephra is not firmly established and because of the recent evidence 
that two or three eruptive episodes might have been involved in fom1ing Rangitoto Island. 
The identification of the Kaharoa Tephra in two of the sequences during the course of this 
study does, however, provide a more precise and reliable age marker and also presents an 
opportunity to refine the age of Rangitoto Tephra and the formation of Rangitoto Island 
volcano. 
Age model for Puk5 
'fhe age model for Puk5 is constructed from three age markers: the tephrochronological 
ages of the Taupo Tephra and Kaharoa Tephra and one pollen marker (Fig. 5. 7 a). The age 
model is drawn through the median ages of the tephra layers and shown with 2cr age errors. 
The age-point for the Taupo Tephra (1717 ±13 cat yr. BP) is at 168 cm depth. As shown 
below (section 5.2.6), the Kaharoa Tephra (636 ± 12 cat yr BP (AD 1314 ± 12; Hogg et al., 
2003), is identified as a cryptotephra in the core and provides an additional, precise marker 
horizon at the peak glass concentration at 38.5 cm depth in the core. Between the two 
tephras the sedimentation rate of the core is calculated to be an average of 1.20 mm/y(1• 
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Figure 5.7 (a) Age model for core Puk5 using tephrochronological ages of Taupo Tephra 
*(Sparks et al., 1995; 2008)and Kaharoa Tephra (Newnham et al., 1998; Hogg et al., 2003) and 
pollen markers (Fig. 5.8). (b) Detail of two models for the upper section of the core. Model 1 
is based on linear interpolation between two age markers. Model 2 is adjusted for a change 
in sedimentation rate post Rangitoto Tephra, inferred from pollen analyses (Fig. 5.6) and 
sedimentology and is the preferred model used in this study. ***Age range of Rangitoto 
Tephra from recalibrated radiocarbon dates from Nichol (1992). 
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Pollen analysis, undertaken by Professor Rewi Newnham (University of Plymouth), 
provided two palynostratigraphic age markers to support the age model. The pollen 
assemblages from 16 to 44 cm depth in the core (Fig.5.8) show two major changes which 
are attributed firstly to the arrival of Polynesian settlers and, secondly, the arrival of 
European settlers in the·early 1800s. 
The first of these changes begins at 37 cm depth (the boundary between zone PI and P2; 
Fig. 5.8), and is shown by a decline in trees coupled with a sustained increase in bracken as 
well as charcoal. lihese changes are consistent with the current model of early forest 
clearance in New Zealand by Polynesian settlers (Newnham et al., 1999b ), This marked 
palynological change also occurs only I cm above the Kaharoa Tephra (see later sections), 
consistent with the patterns seen in other pollen records from northern New Zealand, where 
the tephra is preserved as a visible layer (Newnham et al., 1998; Lowe et al., 2002), and 
with other evidence for earliest Polynesian settlement and impact (Wilmshurst et al., 
2008). 
The second major change in pollen assemblages, at 19 cm depth (the boundary between 
zone P3 and P4; Fig. 5.8), is identified by the appearance of exotic plant species introduced 
by European settlers upon their arrival in the early 1800s. This boundary is drawn at the 
first appearance of Plantago lanceolata (ribwort plantain), which coincides with a marked 
sustained increase in Poaceae (grasses) and further elevated level of charcoal. P. lanceolata 
is a weed associated with soil cultivation in Europe. It is highly likely that the plant spread 
rapidly after its accidental introduction, probably from seed carried in soil by pioneering 
settlers in the early 1800s. This contention is supported by other features in the pollen 
diagram, notably increases in other ruderal taxa (Taraxacum, Rume.r: and Poaceae) and 
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charcoal, marked decline in indigenous tree and shrub taxa, and the subsequent rise in 
pollen (at c.l7 cm) of introduced trees (Pinus cupressus) which likely occurred in the very 
early 201h Century. Concurrent with the rise in introduced pollen is the occurrence of 
spheroidal carbonaceous particles associated with burning of fossil fuels. 
Between the Kaharoa Tephra and the introduction of European pollen (assumed ea. AD 
1800) in the core there are two possible scenarios considered for the age model. The first 
of these scenarios follows conventional age-model construction, the second takes into 
account changes iri sedimentation rates reflected by LOI measurements. The first model 
assumes a uniform rate of sediment accumulation between the Kaharoa Tephra and the 
introduction of European pollen (model I; Fig. 5.7 a). This shows sedimentation rates 
decreasing some time after the deposition of the Kaharoa Tephra to 0.4 mm/yr. The 
inflection in sedimentation rate in this section of the core could, however, occur anywhere 
bel\veen the age points. A problem with this model is that the interpolated age of the 
Rangitoto Tephra would be as much as 200 years younger that the current best age 
estimate of ea. AD 1400 (Nichol, 1992). Such a young age is unlikely. 
Using this best age estimate as a guide it is more likely that the actual intlection in 
sedimentation rates occurred after the deposition of the Rangitoto Tephra when LOI 
measurements reflect a rapid change in organic productivity and sedimentation in the lake. 
Analysis of the upper part of core PukF by Augustinus et al. (2006) also suggests that the 
change to increased sedimentation rates in the lake did not occur until the arrival of 
Europeans when organic productivity and terrigenous deposits increased significantly, 
coincident with marked changes in land use and human activities in the region. Pollen 
assemblages in the core show that, behveen the Kaharoa and Rangitoto tephras, changes in 
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land cover were on a comparatively minor scale and may not have resulted in any 
significant changes to sediment input into the lake (Fig. 5.7). The deposition of the 
Rangitoto Tephra into the lake may have also affected sedimentation rates which are 
largely a function of diatom productivity in this lake. Diatom productivity has been shown 
to be normally adversely affected by tephra deposition in lake environments (Harper et al., 
1986; e.g. Urrutia et al., 2007). The second age model (model 2; Fig. 5.7 b), therefore, 
assumes the sedimentation rate, as calculated between the Taupo and Kaharoa tephras, 
remained near-constant up to the Rangitoto Tephra datum. The inflection in sedimentation 
is taken as immediately below the Rangitoto Tephra where it connects with the upper 
pollen age marker. This model shows a much better fit with the best age estimates for the 
Rangitoto Tephra (Fig. 5.7), a finding replicated by the age model for P8_06 (Fig. 5.9). lt 
is this latter model (model 2) which is used therefore for interpolating ages for tephra shard 
concentrations (cryptotephras) discussed in the following sections. 
Above the Rangitoto Tephra, the model assumes constant sedimentation rates until the 
advent of European pollen (ea. AD 1800). Such constancy is unlikely, given the marked 
changes indicated in pollen and LOI during this interval, but is invoked in the absence of 
any better age constraints at the present time. In any case, this section of the core is of 
limited relevance to this specific core study because the post-Rangitoto cryptotephra 
analyses were based on the other cores. 
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Age model for PukF 
The age model for PukF sequence is a published model on a replicate freeze core 
(Augustinus et al., 2006) derived using 210Pb activity and one historical chemical marker to 
establish sedimentation rates to date the sequence (Fig. 5.9). The age limit of the sediment 
sequence is also supported by pollen records which record the appearance of exotic plant 
species (e.g. Plantago and Pinus) in the lower part of the core, indicative of the arrival of 
European settlers in the early 1800s. The occurrence of this pollen marker would suggest 
that there is some overlap between PukF and Puk5 cores, 
The historical chemical marker consists of two,distinct black anoxic layers at 28 cm and 30 
cm in the sediment resulting from the addition of copper sulphate in 1932 and 1939 (Fig. 
5.4). The most distinct of these layers is from the 1939 application. These provide two 
precise age markers for the sequence. 
The analysis of 210Pb activity showed a steady decrease in 210Pb down the core which 
supported the assumption that the laminated sediments were not affected by bioturbation or 
mixing. The results of 210Pb were used in Augustinus et al. (2006) to calculate a model of 
sedimentation rate which was used to date the sequence. Ages were calculated using the 
22.26 year half-life of 120Pb and the assumption that the top of the sequence was 
representative of the surface sediments from the year the core was collected (December 
2002). These ages/datums were used to calculate a mean sedimentation rate of 4.445 ± 
0.32 mm/year which was used with the additional age markers to produce an age model 
(Fig. 5.9). The age model calculates the base of the sequence to start at AD 1822 which 
means that the sequence represents an essentially complete record since the settlement of 
Europeans in the region. Although the use of 210Pb back as far as the early 1800s is 
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questionable, this age model was deemed acceptable for the purposes of this study as it was 
not required for dating any tephra depositional events. 
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Figure 5.9 Core chronology for Lake Pupuke core PukF using unsupported 120Pb profile to 
establish sedimentation rates. Figure from Augustinus et al. (2006). Below 40 cm the 
chronology is beyond the limits of 21 OPb method and ages are therefore less reliable. The 
chemical marker in this core (not shown in this published model) is at 30 cm and is believed 
to correspond with the AD 1934 addition of copper sulphate to the lake. 
Age model for PB _ 06 
The age model for sequence P8 _ 06 is also constructed from three age markers: the 
tephrochrological ages from the Taupo and Kaharoa tephras and the historical 1939 copper 
marker at the top of the sequence (Fig. 5. 1 0). In the lower part of the core, the model 
connects between the two tephra ages. This model makes the assumption that the 'gap' in 
the core is art ificial. When plotted to include the gap in the core in the age model there was 
very little difference in the interpolated ages for glass populations between the Taupo and 
Kaharoa tephras. The sedimentation rate between the Taupo (T I) and Kaharoa (T2) tephras 
in the core is calculated to an average of 0.93 mm/yr (distance (cm) interval between Tl 
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and T2 divided by time interval (yrs; from 2cr age range) between Tl and T2). This rate of 
sedimentation is very slightly slower than that for the replicate·core Puk5 ( 1.20 mm/yr). 
As with core Puk5 there are two possible scenarios for the upper part of the core between 
the Kaharoa Tephra and the chemical marker (model I and model 2; Fig. 5.10 b). Model I 
assumes a linear relationship between the Kaharoa Tephra and the upper age marker. In 
this core the upper age marker is the anoxic black horizon at 7 cm depth in the core. This is 
believed to represent the 1939 application of copper sulphate which shows up at the 
uppermost copper spike in the geochemical profile for the sequence (Fig. 5.4). Model 2 
adjusts the age model for changing sedimentation rates coincident with the deposition of 
the Rangitoto Tephra, as for Puk5. Placing the inflection point at this level is also 
supported by LOI measurements in this core. For this core, both models provide a 
consistent fit for the best age determinations for the Rangitoto Tephra. The age model does 
not extend up to the top of the sequence because it is uncertain how much of the upper 
sediments were lost on retrieval. 
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Figure 5.10 (a) Core chronology and age model for Lake Pupuke core P8_06 based on two 
tephrochronological ages and one historical chemical marker. Tephra ages given in Figure 
5.7. (b) Detail of model between the Kaharoa Tephra and AD 1939 chemical marker showing 
two possible age model scenarios as shown for Puk5 (Fig. 5.7). 
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5.2.5 Tephra derived glass-shard content 
As with previous site results the down-core tephra-derived glass shard counts from each 
section obtained from Lake Pupuke are presented as concentrations of glass shards 
calculated as particles per mg dry weight (mg d-wt.) (Puk5, Fig. 5.11'; PukF, Fig.5.12; 
P8 _ 06, Fig. 5.13). Three distinct glass shard types were recognized in the sequences from 
Lake Pupuke, primarily on the basis of colour: clear, brown, and dark brown shards which 
were tentatively identified prior to geochemical fingerprinting as originating from 
rhyolitic, andesitic (or dacitic) and basaltic sources, respectively (Shane, 2000). 
Distinguishing between basaltic and andesitic glass populations was, however, sometimes 
difficult where the two types were mixed. As a result brown and dark brown shards are 
combined in the diagrams as 'brown shards' to discount any problems with identification. 
The following descriptions of shard count results also include reference to shard colour 
ratherthan glass chemistry in most cases. 
Of the three glass types, the clear (rhyolitic) and brown (andesitic-dacitic) shards identified 
in the sequences typically exhibited the same characteristics of clear and brown glass 
observed from the Waikato sites (Chapter 4). Clear shards are typically the larger of the 
two types of shards (-50-200 IJ.m) and consist of vesicular and bubble wall glass 
fragments, which were isotropic under crossed polarised light and exhibited a moderate to 
high degree of stretching. Brown (andesitic-dacitic) shards were highly variable in nature 
but were typically smaller ( -30-60 IJ.m) and orange-brown in colour with a blocky 
morphology and poorly vesicular with abundant small rod-shaped crystal inclusions. In the 
visible basaltic tephra layer in the sequences, the basaltic glass was typically dark brown in 
colour with large, tabular feldspar crystals. Scanning electron microscopy was used to 
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observe shards in more detail (Plate 5.3) and revealed no distinguishable physical or 
chemical weathering features on the shards. There was evidence of where diatoms had 
been attached to the surface of the glass shards but such attachment is unlikely to have 
affected the structure or the composition of the glass (Plate 5.3 j and k). 
Shard contents derived for each sequence are shown for clear and brown shard 
concentrations alongside measurements of organic content derived from LOt Wigs. 5.9 to 
5.11 ). The glass shard content for each section is described from the base to the top of the 
sequence for clear and then brown shards, respectively. These descriptions include 
reference to any observations of shard character and morphology using a combination of 
generic and technical terms for ash-sized glass shards (Heiken, 1972; Fisher & Schmincke, 
1984; Heiken & Wohletz, 1985} 
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Plate 5.3. Photomicrographs and SEM images of g lass shards and other features observed 
in samples from cores Puk5 and P8_06. Scale bar on images a-1 and 1-m equals 50 ~m in 
length. Details of individual images referred to in the text. 
- 252-
Chapter 5 Auckland Region site 
Glass-shard content Puk5 
The results of down-core glass-shard counts for sequence PukS are shown in Figure 5.11. 
The shard content derived from this section is based on analysis of 148 contiguous 
samples, each 1-cm thick, from the top of the sequence at 16 cm core depth to 169 cm 
depth just below the Taupo Tephra horizon. Individual glass shards were detected and 
counted in 96% of samples viewed which comprised a mix of both clear and brown shards 
in varying proportions. Samples did, however, generally contain a very low concentration 
of glass shards. More than 60% of samples viewed contained fewer than three clear shards 
per mg d-wt. More than 80% of samples contained fewer than three brown shards per mg 
d-wt. And more than 53 % of samples contained no brown shards at all. The highest 
concentrations of glass were found immediately above and below the visible Taupo and 
Rangitoto tephras. Additional peak concentrations of glass formed relatively discrete 
horizons (narrow bands) in the sediments in comparison to the records obtained from the 
peat sequences from the Waikato Region (Chapter 4). 
A number of distinct changes in the concentrations of clear glass shards occur up through 
the core (Fig. 5.11 ). Above the Taupo Tephra there is a distinct attenuation of clear shard 
concentrations, a pattern observed in both peat and lake sites from the Waikato Region. In 
this section of the core, varying but relatively high concentrations (average 13.4 shard per 
mg d-wt.; Fig. 5.11) of clear glass were found to extend up to 136 cm depth in the core, 34 
cm above the thin (0.5 cm), visible tephra horizon. Shards in this zone typically comprise 
a mix of pumiceous and striate shards of fine to medium ash size typical of rhyolitic 
sourced glass shards, comparable to the glass from the visible tephra layer below. Between 
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136 cm and 71 cm depth in the core (a total of 65 cm, 42 % of the length of the core of 
interest), clear shards are present in very low numbers with average shard concentrations of 
0.9 (± 1.0) per mg dry wt. per sample. This pattern of very low clear shard concentrations 
in this section of the core is also reflected by similarly low numbers of brown shards. The 
midpoint in this section of the core also marks higher-than-average organic content. Above 
71 cm, clear shard numbers increase in the samples as shown by varying shard 
concentrations represented by several small peaks where shard concentrations exceed 50 
shards per mg-d-wt. This increase coincides with a subtle decline in organic content (Fig. 
5.11 ). Clear glass shards observed in the section 71-50 cm were comparable with shards 
observed immediately above the Taupo Tephra and included some large, intricate bubble 
wall and platy shards. There was also a noticeable increase in mineral particles in this 
section of the core. Between 38 and 39 cm depth in the core there is a large and discrete 
'peak' in clear glass content which represents the highest concentration (at 143 shards per 
mg-d-wt.) of shards from a non-visible tephra horizon in the core. The glass in this section 
of the core consists of a mix of clear and brown shards. The clear glass shards in this peak 
concentration were typically small, striate and cuspate shards ~50-70 jlm in length which 
display a moderate to high degree of stretching (Plate 5.3 d and e). Above this glass peak 
in the core, clear glass concentrations remain relatively low up to the top of the core with a 
few minor peak concentrations with < 13 shards per mg-d-wt. 
The content of brown shards determined throughout PukS reveals a small number of 
discrete peaks with typically lower maximum shard concentrations than rhyolitic (clear 
shard) counterparts. Brown shard concentrations form a number of small peaks within the 
lowest 30 cm of the core coincident with declining content of clear shards above the Taupo 
Tephra. There are at least three prominent peaks in brown shard content in this zone at 152, 
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147 and 140 cm depth in the core. At 140 cm, the largest peak of brown shard 
concentrations, there are -19 shards per mg-d-wt. As for clear shards, between 136 and 71 
cm depth in the core, brown shard content remains very low with average shard 
concentrations of only 0.9 (± 0.6) shards per mg-d-wt. 
Between 71 cm depth and up to the visible Rangitoto Tephra in the core there are at least 
three distinct and discrete peaks of elevated brown shard content at 52 cm, between 38 and 
39 cm, and at 28 cm. The peak at 52 cm marks a very discrete glass concentration (35 
shards per mg-d-wt.) with shard content above and below in the core remaining very low. 
Glass in this horizon consisted of predominantly blocky-shaped shards, 40-60 pm in 
length, which are densely packed with microlite crystals (Plate 5.3 t:). At 38 cm, brown 
shard content is marked by the highest concentrations of brown glass for a non-visible 
horizon in the core with -89 shards per mg-d-wt. Shard' content remains elevated at least I 
cm above and below this peak in brown glass in the core, which also overlaps a peak in 
clear shards I cm below in the core. Brown glass in the sample from this position in the 
core consisted of pale, orange-brown, blocky and sometimes vesicular shards, 40-60 Jlm in 
length and with abundant microlite crystals (Plate 5.3 d). Brown shards at this level in the 
core were mixed with similar proportions of clear shards (Plate 5.3 e). The peak in brown 
shards at 29 cm immediately underneath the Rangitoto Tephra is separated by increasing 
concentrations of basaltic glass by a I cm gap where brown shard content is < I shard per 
mg-d-wt. Observations of the shards in this peak concentration revealed mainly dark 
brown, platy, 'basaltic' shards with large feldspar crystals, similar to shards observed in the 
visible tephra horizon at 27 cm (Plate 5.3 c). The occurrence of this peak in basaltic shards 
below the visible layer could be accounted for by a precursory eruption event, an 
occurrence which has been noted for only one of the previous A VF eruptions (Newnham & 
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Lowe, 1991 ), or the peak could be the result of glass sinking through the lower layer into 
the soft sediment down to an older stratigraphic level. These two hypotheses were 
proposed by Horrocks et al. (2005) to explain the double basaltic horizon observed in the 
core shortly after retrieval. Basaltic shards from the Rangitoto Tephra are observed in 
relatively high concentrations for~ I cm above and below the visible layer but remain well 
contained within the sediment profile. Glass in this zone comprises dark brown to orange 
brown, blocky and platy shards with low vesicularity and stretching with large rectangular 
feldspar crystals (Plate 5.3 a, b). Above the Rangitoto Tephra up to the top of the sequence 
analysed, shard content remains relatively low with one small peak in shard content at 19 
cm depth. 
Glass-shard content PukF 
The results of down-core glass-shard counts for sequence PukF are shown in Figure 5.12. 
The shard content derived from this section is based on analysis of 64 contiguous samples, 
each 1-cm thick, from the top of the sequence at 14 cm core depth. The effective retrieval 
and the counting of glass from samples taken from this section were problematic because 
of an abundance of fine mineral particles which proved difficult to separate from the glass 
content. The resulting shard concentrations derived for this section may have been affected 
as a result. 
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The results (Fig. 5.12) shows a very variable pattern in shard concentrations, with typically 
low shard content throughout the section with most samples (80%) containing fewer than 
30 shards (clear and brown) per mg dry wt. Both clear and brown shards were, however, 
detected in every sample viewed, albeit in low concentrations. Clear shard concentrations 
show the greatest variability with a possible increasing frequency for the top 40 cm of the 
core. Given the time period that the core represents, it is therefore likely that these 
fluctuating glass concentrations represent increasing disturbance around the lake resulting 
in the remobilization of volcanic particles around the lake edge or from the lake catchment. 
The concentrations of brown shards remain low with no distinguishable peaks except 
possibly at the lowest part of the core, between 70 and 85 cm depth, where there are three 
'peaks' in elevated shard content, and close to the top, at c. 12 cm depth. 
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Figure 5.12. Results of glass shard concentrations derived from core PukF shown alongside 
loss-on-ignition measurements and core chronology. Ages from published age model 
shown in Figure 5.9. 
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Glass-shard content P8 06 
The results of down-core glass-shard counts for sequence P8_ 06 are shown in Figure 5.13. 
The shard content derived from this section is based on analysis of 180 contiguous 
samples, each 1-cm thick, from below the top of the core down to the Taupo Tephra at 213 
cm depth (a total of 199 cm of sediment minus the core gap). Individual glass shards were 
detected and counted in every sample, which included a mix of clear, brown and dark 
brown shards in varying proportions, In contrast to core Puk5, there were slightly higher 
average shard concentrations derived from P8 _ 06 core with only 49% of samples 
containing <3 clear shards per mg d-wt. (60% in Puk5) and 66% of samples containing <3 
brown shards per mg d-wt. (80% in Puk5). This discrepancy ·could relate to differences in 
sample sizes (age intervals represented by each sample) because of variations m 
sedimentation rates in the different core locations. It is also possible the core 'gap' m 
P8 _ 06 may have included a number of samples where shard concentrations were low (as 
shown between 70 and 130 cm in Puk5). Only 11% of samples contained no brown shards 
at all, in contrast to 53 %of samples in Puk5. Glass 'peaks' in the core also showed more 
variable shard content than in Puk5 with a number of peaks which were not replicated in 
similar strati graphic levels in Puk5 (Fig. 5.11 ). 
Clear glass shards show a very variable pattern of shard content up through the core which 
is replicated by changes in organic content only where shard concentrations are relatively 
high (Fig. 5.13). Concentrations of clear shards in the core show a generally fluctuating 
pattern with increasing concentrations of glass within the middle third of the core (between 
180 and 80· cm depth) bracketed by relatively low shard concentrations in the upper and 
lower sections of the core. Unlike Puk5, the concentrations of clear shards above the 
visible Taupo Tephra in P8_06 decline rapidly, reaching low levels - 3 cm above the 
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visible layer at 211 cm depth. Above this horizon, between 206 and 180 cm depth, clear 
shards remain in very low concentrations with an average of only 1.57 (± 1.0) shards per 
mg d-wt. per sample. A comparable zone in Puk5, however, extends for 65 cm of the core 
in contrast to 26 cm of PS_ 06 (Fig. 5.11 ). In both cores this zone coincides with the highest 
measurements of organic content. There are three possible explanations for the discrepancy 
between the cores where shard concentrations remain low: (I) the part of the lake where 
core P8_06 was taken receives greater or different sediment inputs from Puk5; (2) the 
equivalent part of the core in Puk 5 is represented by the 'missing' section of the core (core 
gap, 136-160 cm), or (3) part of the core has been replicated as a result of coring errors. 
Between 180 and 80 cm in the core there is a distinct increase in the number of clear shards 
which are represented by variable but almost continuous concentrations in this section of 
the core. More than 60% of samples viewed in this section contained >I 0 clear shards per 
mg d-wt. Between 89 and 100 cm there is another distinct jump in concentrations of clear 
shards which peaks at 95 cm. Observations of glass in this section of the core during 
microscopy revealed rhyolitic, basaltic and andesitic/dacitic glasses mixed with abundant 
mineral particles (Plate 5.3 i). Closer examination of a sample from 95 cm in the core using 
scanning electron microscopy revealed that these shards preserved a number of small 
pitting and abrasion features indicative of weathering (Plate 5.3 j). Interestingly, the shards 
also appear to have been host to a large number of diatom species (Plate 5.3 k). In contrast 
to the pattern of shards between 180 and 80 cm, there is a distinct and discrete peak in 
clear shards between 78 and 79 cm depth which coincides with a similarly distinct peak in 
brown shards. Glass at 78 cm consists of a mix of striate and bubble-wall clear shards, 40-
60 J.tm in length, which displays a moderate degree of stretching and vesicularity (Plate 5.3 
g). These are mixed with similar proportions of brown shards which include some pale 
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brown shards with microlite crystals (Plate 5.3 h) and dark brown, platy shards which look 
similar to the basaltic shards observed in the Rangitoto Tephra horizon. 
The content of brown shards determined throughout P8 _ 06 reveals a small number of 
discrete peaks with typically lower maximum shard concentrations than for the rhyolitic 
(clear shard) spectrum, Above the Taupo Tephra at 211 cm up to l 09 cm (I 02 cm of the 
total core), 89% of samples counted contained fewer than two brown shards per mg d-wt. 
lh this section of the core there is only one small glass peak (with nine shards per mg d-
wt.) at 185 cm. Between I 08 and I 05 cm depth there is a large peak concentration in 
brown shards. The glass observed in the sample from this level consisted ofdark brown 
basaltic shards and minerogenic particles, This peak in brown shards is also marked by a 
distinct excursion in organic content Wig. 5.12). There are four smaller, discrete peaks in 
brown glass at 92, 88, 80 and 72 cm depth. These comprised predominantly a distinct mix 
of brown shards. The dominant shards type were pale brown, blocky to platy shards with 
abundant, fine, microlite crystals characteristic of andesitic/dacitic shards found in other 
sites. These were mixed with a lesser content of darker, platy shards with large tabular 
feldspar crystals (Plate 5.3 i). 
In core P8 _ 06, as in Puk5, there appears to be a spread of basaltic glass above and below 
the visible layer of Rangitoto Tephra. Elevated concentrations of brown glass with basaltic 
appearance (Plate 5.3 a, b) start at 68 cm depth in the core, 5 cm below the visible tephra 
layer, and extend up to 53 cm, 9 cm above the visible tephra. As for Puk5, it is possible to 
surmise that a small percentage of glass, from a relatively thick tephra layer, could sink 
through soft surface sediments and thus account for glass found below the tephra layer, 
whilst reworking of mobile basaltic tephra in the catchment may explain the occurrence of 
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an attenuated glass concentration above the visible layer. Alternatively, these peaks could 
represent fallout from extended activity of Rangitoto Island volcano as discussed below. 
Above the zone ofglass around the Rangitoto Tephra, there are two further small peaks in 
brown glass concentrations at 35 and 27 cm. Above 23 cm, brown glass content remains 
very low (<5 shards per mg d-wt.) up to the top of the core. 
In addition to brown glass detected in this sequence, but not in Puk5, were Pele's Tears, 
tear-shaped droplets of basaltic glass, 60-150 J.lm in length, which are the product of 
explosive products of basaltic eruptions ~Plate 5.3 m, n) ~Heiken & Wohletz, 1985). 
Because of the persistent nature of these features through the sequence it is possible that 
they derive from exposures at the margins ofthe lake or make up part of the tuff ring on 
the lake edge. 
5.2.6 Geochemica/ character, correlatives and interpretation 
A total of 187 individual analyses of maJor element composition of cryptotephra 
populations based on 12 samples were determined by electron microprobe analysis (EMP) 
(Fig. 5.14). Selection of samples for EMP analysis was based primarily on peak glass 
concentrations identified in the cores with a small number of samples targeted to establish 
the origin of background glass concentrations. Glass samples were also taken from visible 
tephras to confirm the original identifications in the cores. From the Lake Pupuke 
sequences, ten samples in total were analysed from section P8_06 (shown by numbered 
levels in Figure 5.13, which correspond with sample numbers detailed below) and two 
samples from Puk5 ~Fig. 5.11). For this site sequence P8 06 is used a 'master section' for 
the analysis of glass-shard major element geochemistry. 
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Table 5.1 provides a summary of analysis for glass populations from each level sampled. 
Table 5.2 provides a summary of the identified sources and eruption correlatives for each 
level together with interpolated age range and reference sources for tephra ages and 
geochemistry. The bivariate plots of selected oxides from these analyses are shown in 
Figures 5.14 to 5.17 and represent the most diagnostic oxide combinations to differentiate 
between individual geochemical populations for the three major glass chemistries (Shane, 
2000). As with analyses from previous sites, other elements were also considered in 
correlating deposits and for distinguishing between individual populations. All analyses 
presented here have been normalized to I 00 weight (wt.) % loss-free basis to account for 
hydration (Froggatt, 1992; Shane, 2000; Pearce et al., 2008) The following descriptions of 
these analyses also refer to normalized values. Raw, non-normalized analyses can be found 
in the Appendices. 
The major element composition of glass samples from this site fall into three main glass 
chemistries as illustrated on a total alkalis silica diagram (T AS; Le Bas et al., 1986): 
rhyolite (Si02 => 69 wt.%),.andesite to dacite (Si02 = 58~69 wt.%) and basanite to trachy-
basalt (alkaline series; lrvine & Baragar, 1971) (Si02 = 43.3~5 1.9 wt.%) (Table 5.1; Fig. 
5.14). The majority of analyses for these andesite/dacite and rhyolite tephra-derived 
glasses are comparable to previously obtained compositional ranges for TVZ eruptives and 
it was therefore possible to derive correlative sources and/or eruption events for the 
majority of samples analysed (Shane, 2000; Lowe et al., 2008b). There were some 
discrepancies between analyses obtained for basaltic glass from the sequences and 
previous analyses from glasses from Auckland Volcanic Field (A VF) (Shane & Smith, 
2000a). This discrepancy may be the result of differences in analytical conditions or 
natural variability (including possible inadvertent assay of microlites) but because of the 
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paucity of published analyses from these sequences it is difficult to confirm either of these 
options. 
Rhyolite glasses analysed from the site are represented by a wide range of Si02 
compositions (Si02 72-78 wt.%) that are indicative of tephras from the two main rhyolitic 
centres active over the Holocene, the Taupo and Okataina volcanic centres (Fig. 5.14). The 
examination of the major element composition of rhyolite glass was sufficient to 
differentiate between primary and secondary (reworked) deposits of rhyolite glass. Primary 
fall deposits have been linked with published values for known rhyolitic tephras (Shane & 
Smith, 2000a; Lowe et al., 2008b). Secondary, reworked glass from older deposits is easily 
distinguished on bivariate plots because ofmarked differences from known compositional 
ranges for candidate tephras for the cores (Fig. 5.15). The secondary deposits possibly 
represent several different older tephras and are indicated as 'uncorrelated'. Glass analyses 
of primary fall deposits confim1 the identification of the visible Taupo Tephra in this site 
and the presence of the Kaharoa Tephra in the cores represented by the additional zone of 
shards. Unlike the peat sites from the Waikato Region, the small quantities of glass shards 
of rhyolite chemistry which fom1 the background concentrations of clear glass appear to 
derive from tephras which are much older than the Taupo Tephra and likely reflect the 
available sources in the catchment of the lake. 
Glasses with intermediate chemistries, as with prevtous sites m this study, consist 
predominantly of dacitic and andesitic glasses (Si02 = 61-69 wt.%) and a few individual 
analyses fitting into trachy-dacite and trachy-andesite chemistries (Fig. 5.16). Individual 
populations typically comprise a heterogeneous set of glass analyses (SiOz = 61.0-69.0 
wt.%; N a20 + K20 (total alkalis) = 5.48-7.72 wt.%) characterized by high standard 
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deviations for individual oxides (e.g. SD: 1.00-2.22 for Si02; Table 5.1) compared with 
rhyolitic counterparts. Consistent with findings from the Waikato sites, the analytical totals 
of glasses of intermediate chemistry, remained consistently high, ranging from 98.1-100 
wt.%. 
As for the Waikato sites, the majority of dacitic glasses identified in the Lake Pupuke cores 
were characteristic of tephras of the Tufa Trig Formation (Tt) from Ruapehu volcanic 
centre (Si02= av. 63.0 wt.%; total alkalis= av. 6.5 wt.%) (Donoghue & Neall, 1996) (Fig. 
5.16). Only a few shards analysed from the site have compositions similar to known 
Egmont-sourced tephras. Egmont VC derived tephras typically have much higher K20 
contents than other andesitic-dacitic tephra sources. All intermediate glasses were 
evaluated for "contamination" from microlite phases using the procedure of Platz et al. 
(2007), which estimates plagioclase feldspar microlite proportions in contaminated glass 
(Fig. 5.16). 
As for intermediate glass identified in the Waikato sites, the identification of correlative 
eruptions is constrained by a limited number of published compositional data and/or age 
determinations for recent andesitic tephras (Shane & Smith, 2000a; Donoghue et al., 
2007). Individual populations identified in the Lake Pupuke cores are thus tentative 
associations based on compositional disparity or distinctness, where possible, together with 
stratigraphic position and relative age where the age range for a deposit is well constrained. 
Where possible, these attributes are linked with available compositional data for Tf 
members sampled from proximal sources (Donoghue et al., 1995b; 1997; 2007). 
Consideration of potential Tf candidate correlatives is also given to the thickness of the 
deposit in proximal sequences which are thought to have resulted in more widespread 
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dispersal (Donoghue et al., 1995b). Compositional ranges from these tephra units are 
plotted for the mean and standard deviations in Figure 5.16 (b, inset). However, direct 
correlationbetween these published datasets and analyses obtained from the sites presented 
here remain tentative. Differences in analytical conditions may also limit confidence in 
correlations, and as possible discrepancies between the composition of proximal and distal 
deposits are another potential source of uncertainty. 
Glass with basaltic chemistry represented the third type of glass type encountered in the 
sequences and comprises about 33% of the total glass analyzed (Fig. 5.17). Analyses 
classify in the T AS diagram mostly as basanites and trachybasalts but include a minor 
population that classify as basaltic, basaltic-andesite and basaltic trachy-andesite (Fig. 
5.17). Totals for glass analyses were typically high, ranging from 97 to 99.8 wt.%. The 
glass shards are characterized by a wide range in Si02 contents of between 43 and 5 I wt. 
%, which is comparable to limited numbers of reported values by Shane and Smith (2000) 
from analyses of A VF glasses, primarily from proximal deposits, and whole rock analyses 
(24-50 wt.%). The compositions of the glasses are also characterized by high component of 
other oxides with ranges comparable to those of previous analyses of A VF tephras (ranges 
from Shane and Smith, 2000, in brackets): Ab03 = 11.6-15.8 wt.% (12-17 wt.%); FeO = 
8.9-12.6 wt.% (8-14 wt.%), and CaO = 8.7-12.6 wt.% (10-12 wt.%). Individual glass 
analyses do not, however, fit directly within compositional envelopes of previous analyses 
obtained from proximal deposits. The difference between distal and proximal A VF tephras 
was noted by Shane and Smith (2000). They suggested that proximal deposits were likely 
to be an amalgamation of some or all eruptive phases (i.e., composite units) whilst distal 
deposits must represent only a single phase of the eruption. The majority of glass analyses 
from this study are relatively homogenous and as a result it was difficult to differentiate 
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between primary fall and glass derived from older reworked deposits. Almost none of the 
analyses fit within the compositional envelope for analysed, pre-Rangitoto A VF tephras 
but this does not exclude the possibility of reworked older A VF glass occurring in the 
cores (Fig. 5.17). 
The following sections provide details of analyses from samples selected from cores P8_06 
(samples 1- I 0) and Puk5 (samples A and B). Depths refer to positions in the core shown 
by numbered arrows in Figures 5.13 and 5.11. The numbered samples are listed in order of 
occurrence and therefore relative age in the individual sequences. Interpolated age ranges 
for all tephra units described below are based on 2cr-age ranges derived from the age-depth 
model for individual cores unless otherwise stated (Figs. 5.9 and 5.1 0). 
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Table 5.1 Electron microprobe analyses of tephra-derived glass shards from ten sample 
depths in core PB_06 and two samples from core Puk5, Lake Pupuke. Sampling positions 
for PB_06 are shown in Figure 5.11and for Puk5 in Fig. 5.9. Means (In bold) and standard 
deviations of total number (n) analysis (of individual shards) normalized to a 100% loss-free 
basis (wt%). Analysis undertaken at NERC Tephra Analytical Unit, University of Edinburgh, 
February and June 2007. tMean values for analysis in this study of independently 
characterized laboratory standards, TB1G and Lipari analysed at 3-4 hours intervals during 
analyses of glass samples from this site. Full details of standards including inter-laboratory 
statistics are provided in the appendices. *Total iron as FeO; **Water by difference. 
Anal.no. 1a 10 2 
PB-081212 Coni- cm PB-OIItDS an 
Sc:uca Taupo VC OUtalna VC? AVF 
{Teptya) Taupo T. 
SIO, 75.30 0.22 78.24 0.15 45.!6 0.51 
AI,O, 13.23 0. 13 12.06 0.21 14.82 1.09 
TrO, 0.26 0.02 0.14 0.01 3.19 0.13 
FeO" 1.98 0.10 1.24 0.23 11.58 0.74 
MnO 0.08 0.05 0.09 0.05 0.19 0.05 
MgO 0.28 O.o! 0.13 0.03 5.50 1.13 
CoO 1.54 0.05 1.03 0.15 12.71 1.53 
Na,O .t . .t9 0.15 3.87 0.18 4.49 0.64 
K,O 2.81 0.03 3,18 0.07 1.49 0.26 
P,O, 0.04 0.02 0.01 0.01 0.67 0.12 
H,O.. 1.92 1.29 4.24 0.93 2.25 1.04 
" 7 J 10 
Anal. no. 6b 6d 
Con/depth PS-01175 cm 
3 
ovc 
78.25 0.47 
11.21 0.25 
0.16 0.03 
0.99 0.13 
0.07 0.05 
0.15 0.01 
0.90 0.05 
4.01 0.19 
3.27 0.12 
-11.01 0.03 
4.49 0.85 
9 
.............. 
4 
TnOVC 
.... 
65.83 1.72 
14.12 1.68 
1.07 0.13 
5.81 1.44 
0.08 0.07 
1.88 1.64 
4.25 0.62 
3.64 0.36 
3.01 0.47 
0.23 0.05 
r.f6 r.or 
18 
8 
TnO VC AYF AVF AVF AVF 
SiO, 
AI,O, 
ToO, 
FeO" 
MnO 
MgO 
eao 
Nalo 
K,O 
PlO, 
H,O'" 
" 
RengiiOio T. ~ngttoto T. 
83.56 2.22 44.13•0.55 50.82 0.45 45.01 0.57 45.20 0.62 
1<.56 0.79 14.46 1.06 13.10 0.07 15.11 0.19 15.08 0.26 
1.19 0.04 3.24 0.16 3.08 0.08 3.23 0.13 3.19 0.11 
6.32 1.77 11.63 1.07 12.64 0.56 11.15 0.39 fZ.(U 0.43 
0.10 0.10 0.17 0.07 0.22 0.04 0.18 0.08 0.19 0.07 
1.83 115 5.37 1.20 4.83 0.07 5.01 0.20 5.02 0.33 
4.83 0.77 12.55 2.00 9.06 0.28 11.08 0.29 12.17 0.41 
4.14 0.35 4.59 0.87 3.55 0.62 4.69 0.24 4.78 O.JS 
2..58 0.37 1.55 0.32 1.11 0.05 t.6t 0.12 1.59 0.17 
0.28 0.04 0.75 0.16 0.48 0.05 0.75 0.07 0.75 0.12 
0.82 0.13 1.56 0.55 1.37 0.54 1.85 0.56 1.94 0.64 
• .. 5 18 
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-.. .. 
77.81 0.21 
12.18 0.18 
0.08 0.03 
0.88 0.14 
0.05 0.06 
0.07 0.01 
0.59 0.05 
4.25 0., 
4.10 0.10 
0.00 0.02 
1.28 0.92 
11 
9a 
P~54cm 
AVf' 
Ranglloto T. 
45.02 0.74 
15.13 0.50 
3.27 0.15 
12.12 0.56 
0.19 0.08 
5.01 0.46 
12.21 0.97 
4.74 0 62 
1.52 0.17 
0.73 0.13 
1.20 1.37 
• 
50 
TnOVC 
Tl8 
6ot.27 1.03 
14.27 0.83 
1.12 0.18 
8.83 0.98 
0.07 0.06 
1.95 0.50 
4.87 0.54 
3.84 0.21 
1.13 0.34 
0.28 0.05 
t27 0.52 
11 
9b 
AVf' 
50.92 0.56 
13.24 0.18 
3.28 0.31 
13.69 0.66 
0.28 0.06 
4.28 0.56 
8.69 0 98 
3.75 0.40 
1.20 0.24 
0.51 0.06 
0.65 0.48 
6a 
P8-40175 .... 
OYC 
75.38 0.84 
11.59 0.23 
0.11 0.03 
0.90 0.19 
0.07 0.05 
0.10 0.03 
0.13 0.16 
3.92 0.39 
3.55 0.37 
0.00 0.03 
3.67 fAT 
7 
10 
TnGVC 
Tl14 
65.12 0.83 
14.34 0.26 
1.13 0.04 
6.29 0.41 
0.06 0.05 
1.62 0.20 
4.37 0.16 
3.94 0.14 
2.90 0.08 
0.23 0.03 
1.U 0.59 
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Table 5.1 Continued. 
Anal. no. A B 
Core/depth Puk5138cm Puk51 :Ucm 
Source TnGVC Okatalna AVF 
[Tephra) Tftl KaharoaT. Ranglloto T. 
SiO, U.32 1.30 n.68 o.oa 45.87 0.38 51.33 0.69 
AJ,O, 14.52 O.U 12.19 0.12 14.88 0.22 13.35 0.27 
TIO, 1.14 0.09 0.09 0.00 3.08 0.13 3.18 0.30 
FeO' 8.09 1.15 0.95 0.08 11.91 0.13 13.16 0.61 
MnO 0.08 0.04 0.12 0.02 0.15 0.02 0.22 0.04 
MgO 1.98 0.55 0.08 0.01 5.17 0.15 4.28 0.67 
CaO 4.68 0.84 0.61 0.02 12.27 0.20 8.68 1.10 
Na,O 4.03 0.30 4.21 0.11 4.55 0.22 3.98 0.33 
K,O 2.70 0.35 4.07 0.00 1.47 0.08 1.14 0.39 
P,Os 0.26 0.03 0.00 0.01 0.68 0.07 0.51 0.07 
H,o·· 1.36 0.51 1.85 0.16 2.26 0.78 1.32 1.10 
n 9 2 4 7 
Anal.no. Standardst 
Sample TB10 Uparl Wollstonlta Spinal Jadlle Orthoclase 
SiO, 53.83 0.37 74.11 0.44 51.48 0.39 0.10 0.02 60.60 0.33 U.57 0.65 
AJ,OI 16.08 0.24 12.80 0.23 0.01 0.03 71.53 0.94 25.60 0.47 17.58 0.31 
TiO, 0.88 0.04 0.07 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.02 O.o1 
FeO' 8.49 0.29 1.58 0.15 0.34 0.09 0.01 0.02 0.05 0.05 0.48 0.12 
MnO 0.20 0.07 0.05 0.05 0.07 0.08 0.04 0.04 0.02 0.03 0.01 0.03 
MgO 3.80 0.05 0.04 0.01 0.20 0.05 28.32 0.29 0.01 0.01 0.00 0.00 
cao 8.89 0.10 0.74 0.04 47.U 0.29 0.01 0.01 0.03 0.02 0.01 0.02 
Na,O 3.30 0.07 4.14 0.09 0.01 0.01 0.00 0.01 15.22 0.23 1c08 0.05 
K,O 4.47 0.08 5.18 0.08 0.00 0.01 0.00 0.00 0.00 0.00 15.30 0.10 
P,O, 0.59 0.04 0.00 0.02 0.42 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.31 0.46 98.71 0.49 100.36 0.58 100.03 0.96 101,55 0.59 99.01 0.52 
n 
" 
63 1Z 13 9 10 
Sample I. P8_06- 212 cm: Tempo VC, Taupo Tephra (1717 ± 13cal.yr BP) (number of 
analyses (n) =7) and analyses ofuncorrelated shards (n = 3) 
The sample was taken from the top of the visible component of a thin, visible tephra 
identified as the Taupo Tephra in the core by field characteristics and stratigraphic 
positions (Fig. 5.13). The Taupo Tephra has been identified by microprobe analysis at 
comparable stratigraphic level in previous cores (Puk5) extracted from the site (Horrocks 
et al., 2005). Analyses of shards from this sample confirm the occurrence of the Taupo 
Tephra which comprises a relatively homogenous set of rhyolitic glass analysis (Si02 = 
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75.3 ± 0.22; KzO = 2.18 ± 0.03 wt.%; CaO = 1.54 ± 0.05 (Table 5.1; Fig. 5.15). Seven of 
the ten analyses reveal compositional ranges consistent with published analyses for the AD 
233 ± 13 Taupo Tephra event (UnitY) (Si02 = 75.04 wt% ± 0.19; K20 = 2.85 ± 0.07 wt%; 
CaO = 1.47 ± 0.05 (Lowe et al., 2008b)). Three analyses from the sample do not correlate 
with the Taupo Tephra and exhibit much higher Si02 values(- 78 wt%) and higher K20 
(-3.16 wt%) characteristic of glass from pre-Taupo Tephra events from Okataina VC and 
Taupo VC (Fig. 5.15). The occurrences of outliers and uncorrelated analyses associated 
with the Taupo Tephra have been noted in analyses from Waikato sites (this study), and 
from previous studies (Gehrels et al., 2006), and are most likely attributed to the 
incorporation of older deposits into the eruption column or possibly magma mingling 
(Lowe et al., 2000; Siebert & Simkin, 2002). These non-Taupo Tephra analyses correlate 
quite well with Okataina VC-derived Mamaku Tephra (-8000 cal. yrs. BP) that, although 
not identified in the Lake Pupuke sequences, has been found in Waiatarua wetland 
(Newnham & Lowe, 1991; Newnham et al., 1999a) and in Pukaki Lagoon, which is 
located just south of Auckland City (Shane, 2005). 
I 
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Sample 2. P8_06- 105 cm: AVF-derived basaltic glass (n = 10) 
Sample 2 marks a very prominent peak in brown glass concentrations spread between 
depths I 08 to I OS cm depth in the core (Fig. 5.13). Despite the high concentrations of glass 
encountered in the core during shard counts, the recovery of glass for microprobe analysis 
was relatively poor and only ten analyses from the sample were completed. This glass peak 
is not replicated in core PukS and it was anticipated that glass from this level in the core 
was derived probably from reworked basaltic glass deposits. 
The sample comprised a relatively homogenous set of glass analyses (Si02 = 45.56 wt% ± 
0.51; FeO = 11.58 wt% ± 0.74; MgO = 5.50 wt% ± 1.13) with nine analyses which classify 
as basanites on theTAS diagram (Fig. 5.14). The majority of analyses overlap with other 
glass assays from younger levels in the core including from samples taken from the visible 
Rangitoto Tephra (63 cm in P8_06) (Fig. 5.17 a, b), but do not fit within the envelopes for 
most of pre-Rangitoto A VF tephras (identified by Shane and Smith, 2000). In Figure 5.17 
(a and b), analyses from this sample plot between the compositional ranges determined by 
Shane and Smith (2000) for glass from Rangitoto Tephra and from the tuff ring of Lake 
Pupuke. On an individual basis, the majority of the glass analyses from this position in the 
core are closer to the compositional range for glass from the Pupuke maar tuff ring (SiOz = 
46.4 wt% (± 0.44); CaO = 11.5 wt% (± 0.45); Shane and Smith, 2000) (Fig. 5.17 b). There 
is only a slim possibility that this glass concentration could represent a previously 
unknown, local minor eruption from the A VF. The interpolated age range of the glass 
concentration is -910-940 cal yr BP Wig. 5.10) and there is currently no evidence for any 
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eruption activity from the A VF between 9 cat. ka (Mt Wellington or Maungarei) and the 
eruption of the Rangitoto Tephra (-0.55 cat. ka). Therefore, on the basis of present 
knowledge, it is more likely that this glass concentration derives from the tuff ring of the 
Pupuke maar possibly as a result of a localised erosion event. 
Sample 3. P8_06- 95 cm: Reworked Okataina VC-derived glass (n = 9) 
This sample marks a peak concentration of clear glass within a wide zone of elevated glass 
content between 100 and 89 cm depth in the core (Fig. 5.13). This sample was selected to 
establish the source of the clear shards in this section of the core. The glass analysis 
represents a fairly homogenous compositional population with rhyolite chemistry (Figs. 
5.12, 5.13). The high values for Si02 = 78.3 wt% (± 0.47) obtained for this sample arc 
characteristic of Okataina VC derived glass (77-78 wt%) as well as some pre-20 cal ka 
Taupo VC tephras (Lowe et al., 2008b). Values for K20 (3.27 wt% ± 0.12), and other 
oxides, are not consistent with Kaharoa Tcphra which is detected in higher stratigraphic 
level in the core sequence (78 cm, sample 5) (Fig. 5.15). Because there arc no known 
candidate rhyolitic eruptives between the Taupo and Kaharoa tephras, it is most likely that 
the glass concentration represented by this sample derives from reworked deposits in or 
close to the site. Okataina-derived tephras are the most frequently-deposited rhyolitic 
tephras identified in Auckland maar sequences - six out of eight of the most recent 
rhyolitic tephras detected in the region (for the last 27 cat. ka) are Okataina VC-derived 
(Fig. 5.3). Glass shards from Okataina VC tephras are therefore the most likely source of 
secondary or reworked glass deposits in such sites. 
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Sample4. ?8_06-91 cm: Ruapehu VC-derivedTufa Trigmember(Tf5) (n = 15) 
Sample 4 from PS_ 06 represents a well defined peak in brown glass at 91 cm in the core 
(Fig. 5.13). A total of 15 analyses were conducted from this sample, and 13 shards classify 
as dacitic which is characteristic of Ruapehu-derived glass identified in the Waikato sites 
(Fig. 5.1·6). However, the glass population is compositionally heterogeneous with a wide 
spread of values for Si02 ranging from 63 to 69 wt% (Table 5.1 ). Only one of the analyses 
from this sample fits within the envelope for post-6 cal. ka Egmont-derived tephras 
detected in Auckland sites which are notably enriched in K20 (3-5 wt%) compared with 
Tongariro-derived glass (Shane, 2005) (Fig. 5. 16 a). 
In attempting to identify possible correlatives for this glass population, individual clusters 
of analyses were examined. Ten out of the 15 analyses from the sample fit within, or very 
close to, the compositional envelope of pre-Kaharoa dacite glass identified in the 
Moanatuatua Reserve sequence (Chapter 4.2) which were found to be distinct from post-
Kaharoa dacitic glass at the site (Fig. 5.16 b). Intermediate glass detected below the 
Kaharoa Tephra in Moanatuatua Reserve exhibited higher Si02 (65-70 wt%) and lower 
values of FeO (4-7 wt.%) compared with post-Kaharoa glass (Fig. 5.16 b). The five 
additional analyses overlap with a number of additional dacitic glass populations in the 
core and do not exhibit any distinct clustering and overlap with a number of other dacite 
glass analyses from the core. The glasses comparable to pre-Kaharoa glass in Waikato sites 
plot between mean compositional ranges for Tufa Trig members Tf4 and Tf5 identified by 
Donoghue et al. ( 1995b). Although poorly dated and with limited stratigraphic control, 
these tephra members are thought to have been deposited before the Kaharoa Tephra (Eden 
& Froggatt, 1996; Wilmshurst, 1997). Only Tf4 has been identified in Waikato sites 
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(described in Chapter 4) which provides some additional age controls for this unit based on 
radiocarbon chronologies obtained for the Waikato sequences. The glass population in core 
P8_06 has an interpolated age range of765-795 cal yr BP between the Taupo and Kaharoa 
tephras (Fig. 5 13). This age range falls between the two possible ages for Tf4 and Tf5 
tephra members. Tf4 was identified in multiple cores from the Waikato sites and has an 
age range of I 060-1300 cal yr BP. Tf5 has an age range of 540-660 cal yr BP based on 
radiocarbon ages ofpeat above and below the tephra in a site proximal to Ruapehu volcano 
(Donoghue et al., 1995b; Eden & Froggatt, 1996; Wilmshurst, 1997). It is possible 
therefore that either the age model for P8 _ 06 core, or the ages derived for the Tf5 tephra, 
or both, are inaccurate. A peak in brown shards in core Puk5, which is at a comparable 
strati graphic level to the glass peak in P8 _ 06 in relation to the Kaharoa Tephra (Figs. 5.9 
and 5. 11 ), has an age range estimate of 595-660 cal yr BP. This is very similar to the age 
range established for Tf5. Unfortunately, there are no probe data available from this unit in 
core Puk5 but it is likely that the prominent glass peak in the cores represents the same 
tephra (given the similar stratigraphic juxtaposition). Alternatively, the glass concentration 
from 91 cm depth in core P8 _ 06 could represent a previously unidentified pre-Kaharoa 
eruption event from Mt Ruapehu. 
Sample 5. P8_06 -78 cm: Okataina VC. Kaharoa Tephra (n 
derived Tufa Trig member (Tf6) (n = 11) 
11) with Ruapehu VC-
This sample marks a position in the core comprising discrete peak concentrations of both 
clear and brown glass between 77 and 79 cm depth (Fig. 5. 13). The EMP analyses from 
this sample reveal two main glass chemistries: rhyolite and andesite-dacite (Fig. 5.14). The 
- 279-
Chapter 5 Auckland Region site 
rhyolite glass compnses a homogenous glass composition with three to four possible 
analytical outliers (Fig. 5.15). Bivariate plots of various oxide combinations show that the 
majority of analyses from this sample form a tight cluster which is distinct from analyses 
of other rhyolitic glass from the core. The high values obtained for Si02 (77.8 wt% ± 0.2) 
and K20 ( 4.1 wt«Jio ± 0.1) and very low values for CaO (0.5 wt% ± 0.05) are characteristic 
of the compositionally distinct Okataina VC-derived Kaharoa Tephra (636 ± 12 cal. yr 
BP). 
"~:he occurrence of this tephra in the Lake Pupuke site was considered very likely. lsopach 
maps of the limits of the visible (ea. 3 cm thick) Kaharoa Tephra show a north-west 
trajectory extending up to the Bay of Islands in North land, more than I 00 km northwest of 
the Lake Pupuke (Fig. 3.2; Lowe et al., 1998). The geochemical confirmation of the 
occurrence of Kaharoa Tephra in Lake Pupuke represents the first identification of this 
tephra in Auckland and provides a precise age marker for the sequence. This novel 
identification also marks the first known occurrence of the Kaharoa and Rangitoto tephras 
preserved together in the same sequence. For the first time it has thus been demonstrated 
that Rangitoto Tephra stratigraphically overlies Kaharoa Tephra, a relationship previously 
the subject of conjecture (e.g., Lowe et al., 2000; McFadgen, 2007). 
The intermediate glass population in the sample comprises a predominantly dacite 
chemistry with a few analyses of andesite and trachy-dacite composition (Fig. 5.14). The 
majority of these analyses fit closely with the known compositional range of Ruapehu VC 
derived Tufa Trig tephras and overlaps with a number of intermediate glass populations 
from other levels in the core (Fig. 5.16). The glass population is compositionally distinct 
from the underlying dacite population at 91 cm. Two of the analyses from this sample fit 
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within the compositional range of glass from post-6 cal. ka Egmont VC-derived tephras 
identified in Auckland sites (Fig. 5.16 a). These possible Egmont glasses are in very low 
numbers so may represent reworked glass or analytical outliers rather than primary fall 
deposits. The majority of dacite and andesite glasses comprise a relatively heterogeneous 
composition that is. characteristic of dacitic glasses identified in the Waikato sites used in 
this study. Bivariate plots of oxides Si02 and FeO show a possible bi-modal population for 
dacite glass from this sample Wig. 5.16): pop. 1: Si02 = 62.2- 63.5 wt%, FeO = 7.3-7.7 
wt%; pop. 2 (minus Egmont glasses): Si02 = 63.8- 64.8 wt%, FeO = 6.4-6.6 wt%. Bi-
modal geochemical populations have been identified from Mt Ruapehu-derived glass in the 
Waikato Region sites. 
Potential correlatives include a number of post-Kaharoa Tephra Tf members. The glass 
analyses plot either side of the compositional range derived for Tuta Trig member Tf6 but 
also overlap with the compositional range of a number of other dacite populations 
associated stratigraphically with Kaharoa Tephra glass identified in the Waikato Region 
sites (dashed line; Fig. 5.16 b). The majority of dacite analyses from this sample appear to 
be slightly more enriched in FeO (6.9 wt% ± 0.7) than for comparable units in the Waikato 
sites (mean FeO = 6.5 wt% ± 0.6), which possibly reflects different preservation conditions 
of the sites. The most likely candidate Tf member based on the known distribution of the 
proximal deposits (Donoghue et al., 1995b) is Tf6. Tf6 forms one of the thickest and most 
widespread of the proximal units. A maximum age for Tf6 of 535-660 cal yr BP has been 
derived from a radiocarbon age (Wk 1488) on peat taken between Tf5 and Tf6 units 
(Donoghue et al., 1995b). This age range overlaps with the age of the Kaharoa Tephra (636 
± 12 cal. yr BP) which is preserved in the same (or very slightly overlapping) stratigraphic 
position in the core. 
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Sample 6. P8_06 - 75 cm: Auckland Volcanic Field-derived lephra (reworked pre-
Rangitoto tephra?) (n= 19) with reworked glass from Okataina VC (n=7) and Ruapehu 
VC-derived Tufa Trig members (n = 4) 
Sample 6 is from a discrete peak in brown shard concentrations I 0 cm below the visible 
Rangitoto Tephra (Fig. 5.13). EMP analyses reveal glass contributions from the three main 
glass chemistries identified in the core (rhyolitic, andesite-dacite, and basanite) (Fig. 5. 
14). A large proportion of the eight rhyolite glass shards from the sample exhibit a wide 
spread of analyses that cannot be correlated to any individual rhyolitic tephra and most 
likely represent a mix of old, possibly Okataina VC-derived, tephras reworked from in or 
near the catchment. Only one glass analysis in the sample correlates with the Kaharoa 
Tephra, which is preserved only 3 cm deeper in the sequence. 
The four glass analyses in the sample with intermediate composition overlap with a 
number of dacite-andesite glass populations identified in lower levels in the core. Because 
of the low numbers of analyses, establishing a correlative, whether from primary or 
secondary deposition, is problematic. The large proportion of reworked rhyolitic glass in 
this sample would, however, support the idea that this glass population is also possibly the 
result of secondary deposition. 
The glass population in the sample with an alkaline chemistry mostly plot as basanite with 
a few analyses forming a separate sub-population with basalt to trachy-basalt chemistry 
(Fig. 5.14). The basanite population (n = 14: Si02 = 44.1 wt% ± 0.6; FeO= 11.6 wt% ± 1.1; 
MgO = 5.4 wt.%± 1.2) forms a subtly different population from alkaline glass found in 
higher and lower levels in the core (Fig. 5.17). None of the analyses overlaps with 
compositional ranges of pre-Rangitoto tephras but several analyses overlap with the 
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established compositional ranges of glass from the Rangitoto Tephra (Shane & Smith, 
2000a). Basanite glass from this level actually shows better correlation with established 
compositional range for the Rangitoto Tephra than with the glass taken from the visible 
layer at 63 cm depth in the core. These glass analyses show close correspondence to ranges 
for the two Rangitoto components - base and top - which most likely represent a change 
in eruptive style during the eruption sequence(s) (Fig. 5.17 a) (Shane and Smith, 2000). 
The trachy-basalt sub-population (n = 5: Si02 = 50.6 wt% ± 0.5; FeO = 12.8 wt% ± 0.6; 
M gO = 4.6 wt.%± 0.1) overlaps with a number of sparse analyses from other levels in the 
core (Fig. 5.17 a). Because of the low numbers of shards it remains possible that these 
represent reworked glass from older A VF derived deposits or accidental ejecta. Shane and 
Smith (2000) noted that a large number of the A VF tephras examined contained outliers 
which were attributed to accidental ejecta from earlier eruptions. Glasses with a trachy-
basalt composition are also thought to have resulted from phreatomagmatic activity, which 
precedes the eruption of magmatic units in a number of older A VF tephras (Shane and 
Smith, 2000). 
The actual source of the basanite glass population at this level in the core is uncertain. The 
glass peak is separated by a gap of 60-90 years of shard content before the visible 
Rangitoto tephra based on the age model for the core Wig. 5.13). There are several possible 
explanations forthis gap, as follows. 
(I) The glass population represents an eruption .event prior to the main Rangitoto emption 
event as represented by the visible tephra layer, and well before the postulated 'precursory' 
phase. Before the findings of Needham et al. (2008), Rangitoto Island was thought to have 
formed as a result of several eruptive phases that occurred in quick succession over a 
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relatively short time period, i.e. within less than I 0 years (Nichol, 1992; Cassidy et al., 
1999; McFadgen, 2007), as would be expected for a typical intraplate basaltic episode. 
Evidence for a longer or multi phase eruption was disputed by Nichol ( 1992) using a wide 
range of counter-evidence. Critically, most of the ages on wood and charcoal used to 
suggest several distinct (separate) eruption phases were shown by Nichol (1992) to be 
flawed (e.g., Lowe et al., 2000; McFadgen, 2007). However, as noted earlier, the recent 
study by Needham et al. (2008) has reignited this debate. Analysis of tephras contained in 
a core taken from the nearby Motutapu Island suggested that Rangitoto Island was formed 
in two separate and compositionally distinct phases (referred to above as 'main' and 
'second' or 'final' phase) separated by some decades (on the basis of -20-30 cm of 
sediment occurring between the two basaltic tephras) (Needham et al., 2008). These two 
phases were differentiated by geochemistry with an early alkalic phase and a later tholeitic 
phase. Sample 6 from core P8_06 is essentially tholeitic, not alkalic, hence does not match 
the main (alkalic) phase recognised by Needham et a1.(2008). 
The timing of the main Rangitoto eruption is still, however, a matter of debate (see below). 
(2) lt is possible that a small amount of glass from the Rangitoto Tephra had sunk through 
the soft upper sediments down to a lower stratigraphic level, a process that has been 
observed for tephra layers in other lake environments (Anderson et al., 1984; Beierle & 
Bond, 2002). Sinking of the tephra was the mechanism suggested by Horrocks et al. (2005) 
for the observed double layer originally observed in Puk5 core. The basaltic glass is denser 
than rhyolitic or andesitic glass and thus would be more likely to sink. (3) The lack of 
laminations in this section of the core possibly indicates a period of disturbance or mixing 
in the lake sediments. (4) The glass could represent a reworked deposit from older A VF 
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tephra for which there are no compositional data. (5) The section of core has .been affected 
by smearing or replication during coring. 
Sample 7. P8_06- 66 cm: Auckland VF-derived tephra (Rangitoto Tephra 'precurSOIJ' 
phase?) (n = 16) 
Sample 7 was taken 3 cm below the visible Rangitoto Tephra where brown glass 
concentrations were found to be high (Fig. 5.13). The EMP analyses reveal a homogenous 
glass population with basanite glass chemistry (Si02 = 45.0 wt% ± 0.6; FeO= 12.2 wt% ± 
0.4; MgO = 5.0 wt.%± 0.2) which correlates very closely with analyses from the visible 
component of the Rangitoto Tephra (Si02 = 45.2 wt% ± 0.6; FeO= 12.0 wt% ± 0.4; M gO= 
5.0 wt.%± 0.3) (Fig. 5.17). The range of analyses from this sample falls between the two 
units of Rangitoto Tephra (top and base) established by Shane and Smith (2000), which 
possibly suggests that the sample may contains components from both eruptive phases. It is 
also possible that the compositional ranges established by Shane and Smith (2000) do 
capture the range of compositions from the Rangitoto Tephra. The occurrence of Rangitoto 
Tephra-derived glass below the visible tephra layer can be explained if: (I) the deposit 
reflects the time-transgressive, possibly decade-long nature of the eruption (N ichol, 1992), 
(2) the deposit represents a separate 'precursory' eruptive phase (perhaps a decade or so 
before the main phase), or (3) because of density differences, a small component of glass 
from the tephra layer sank through the underlying sotl sediments. 
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Sample 8. P8_06- 63 cm: Auckland VF-derivedRangitoto Tephra: main (alkalic) emptive 
phase ofRangitoto Island (ea. AD 1469 ± 22) (n = 16) 
Sample 8 was taken from the visible component of the Rangitoto Tephra between 62 and 
63 cm to confirm the identification of this tephra in the core and to facilitate the correlation 
of any additional basaltic glass detected in the sequence. As with the sample from 66 cm 
(sample 7), this sample consists of a homogenous set of glass analyses with basanite 
(alkalic) chemistry. The analyses also plot between the established compositional ranges 
for the top and base components of the Rangitoto Tephra recognized in proximal deposits 
(Shane and Smith, 2000) which suggests this sample represents either a mix of the two 
components (top and base) or, as suggested by Shane and Smith (2000), a single phase 
represented by a distinct composition not recognized from more heterogeneous proximal 
deposits. Furthermore, the alkalic composition of this sample is consistent with the early 
('main') Rangitoto-eruption phase recognized by Needham et al. (2008). The interpolated 
age for the visible tephra unit in the core is determined by extrapolating the sedimentation 
between the Taupo Tephra and Kaharoa "fephra up to the base of the Rangitoto Tephra 
(model 2; Fig. 5.1 0). This model provided the means to calculate the age interval between 
the Kaharoa Tephra, and the base of the Rangitoto Tephra. Using the 2cr-age ranges of the 
Taupo and Kaharoa tephras the age for the base of the Rangitoto Tephra is estimated to be 
481 ± 22 cal. yr BP (AD 1469 ± 22). This age range overlaps the best estimate age range 
for the Rangitoto Tephra established from a range of different dating methods of 526-451 
cal. yr BP (2cr range) (AD 1424-1499) (recalibrated from Nichol, 1992) (see also Lowe et 
al., 2000; McFadgen, 2007). 
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Sample 9. P8_06- 54 cm: Second or.final Rangitoto eruptive episode (ea. AD 1545), or 
reworked glass(?) from AVF-derived tephras (n = 11) 
Sample 9 represents the upper limit of elevated concentrations of brown glass found up to 
9 cm above the visible Rangitoto Tephra in the core. The resulting glass analyses comprise 
a mix of alkaline glasses with basanite and trachy-basalt to basalt chemistries, comparable 
with analyses from other levels in the core. However, only a minor component of the glass 
sample (4 out of 11 shards analysed) correlated with the Rangitoto Tephra glass from 63 
cm. The majority of the glasses in the sample (7 out of 11) were basaltic or trachy-basalt 
(tholeitic) in chemistry. In older deposits from A VF these latter compositions have been 
attributed to early phreatomagmatic activity during the initial phases of an A VF eruption 
(Shane and Smith, 2000). The position of this sample 9 cm above the visible tephra unit 
would represent ea. 76 calendar years since the deposition of the Rangitoto Tephra (based 
on the newly interpolated age of the latter tephra in this core). This interval is well beyond 
the most likely time period (::S I 0 years) over which the Rangitoto eruption was believed ·to 
have taken place as suggested by Nichol ( 1992), but would fit with the time frame for the 
later 'tholeitic' phase recognised tentatively by Needham et al. (2008). A similar, later 
peak in basaltic shards is also recognised in core Puk5 at 18 cm but there are no 
geochemical data to confirm whether these shards could represent a similar composition. 
Provisionally, the sample may thus record the second (tholeitic) phase of eruption of 
Rangitoto Island at ea. AD 1545 ± 22 (AD 1469 ± 22 plus -76 years). 
If correct, this finding generally supports the palacomagnetic data of lava now activity on 
the island used by Robertson ( 1986) to suggest that Rangitoto Island developed over three 
phases; between AD 850 and AD 1500, with a maximum of activity between ea. AD 1200 
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and AD \500. Although the earlier ages (ea. AI!> 850 and ea. AI!> 1200) are not upheld as 
the presence of the ea. AD 1314 Kaharoa Tephra precludes them. 
Alternatively, this glass concentration could just represent the reworked deposits of older 
A VF tephras as well as the remains of Rangitoto Tephra glass from in and around the lake 
catchment. 
Sample 10. ?8_06- 36 cm: Ruapehu VC-derived Tufa Trig member (T/14) (n = 7) plus 
reworked glassfrom.Okataina VC (n=IO) 
Sample I 0 marks a peak concentration of brown glass between 33 and 36 cm in the core. 
The sample comprises a relatively homogenous composition of dacite glasses. All analyses 
were checked for contamination by microlites phase following the method by Platz et al. 
(2007) and one glass analysis was rejected (Fig. 5. 16). The analyses show a tight 
clustering on the bivariate plot of Si02 and K20 which overlaps with a number of other 
Tufa Trig compositional groups identified in the core. Potential correlatives could include 
a number of post-Kaharoa Tufa Trig members. The most likely correlative Tf member 
based on evidence from proximal deposits would be Tfl4, one of the thickest tephras in 
proximal sequences and with one of the most widespread dispersals in the proximal and 
medial zone around the volcano (Donoghue et al., 1995b; 1997). In the bivariate plot in 
Figure 5.16 b, this glass population overlaps with the known compositional range for this 
tephra from proximal deposits and with the compositional range of Tfl4 tentatively 
identified in Moanatuatua Reserve (envelope with solid blue line). This tephra is not dated 
directly but it does represent one of the most recent of the Tu fa Trig members identified in 
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proximal sequences. In the Moanatuatua sequence the age of the unit is constrained by 
radiocarbon chronology to between 160 and 300 cat yr BP. In the Lake Pupuke sequence, 
which has a limited chronology, the interpolated age of the deposit is 220-275 cat yr BP 
(from models I and 2; Fig. 5.13). lihe overlap of ages supports the premise that the 
prominent glass peak in the two sites may represent the same eruption event. Alternatively, 
sample I 0 in P8 _ 06 could represent an older Tf member not represented or recognised as a 
prominent glass concentration in Waikato sites. 
The composition of two analyses of two clear glass shards compare with a number of 
uncorrelated glass analyses in the core and most likely derive from Okataina-derived glass 
deposits (not including the Kaharoa Tephra) that may have been reworked from exposures 
in or near the site (Fig. 5. 15). There were a number of additional glass peaks in the core 
(e.g. at 30 cm) which were not analysed because of time constraints and poor glass 
recovery. 
Descriptions of the following two samples are from a limited set of analyses obtained 
from core PukS (Fig. 5.11) to support correlative tie points with core P8_06. 
Sample A. Puk5 - 38 cm: Ruapehu VC-derived Tufa Trig member (n = 9) and Okataina 
VC-derived Kaharoa Tephra (n = 3) 
Sample A marks two overlapping, prominent peaks in brown and clear glass 
concentrations between 38 and 39 cm depth in the core, 13 cm below the visible Rangitoto 
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Tephra. The glass concentrations at this position in the core were considered the most 
likely correlatives to the double peak identified in P8_06 at 78 cm depth comprising the 
Kaharoa Tephra and Tf member Tf6. Unfortunately, glass recovery from this sample was 
poor due to insufficient material available. lt was only possible to obtain analyses from 
three clear glass shards from the sample and it was likely that the extracted sample 
'missed' the peak concentration in clear glass which was identified immediately below the 
peak in brown glass from the glass counts (Fig. 5.11 ). A larger sample size may have 
resulted in more representative glass composition. 
The results of the EMP analysis revealed predominantly dacite glass with a composition 
characteristic of Ruapehu derived Tufa Trig members identified in core P8_06 (Fig. 5.16). 
The dacite analyses overlap with a number of analyses from post-Kaharoa Tf members 
from P8_06 and from Waikato sites. The analyses show good correspondence with the 
composition of Tufa Trig member Tf6 which also exhibits a relatively wide spread of 
compositions and includes a number of analyses with high FeO values - a distinguishing 
characteristic of Tf6 from other Tf members in proximal deposits (Donoghue & Neall, 
1996; Donoghue et al., 2007) (Fig. 5.16 b). 
For the three analyses obtained of the clear glass in the sample, only two show a clear 
correlation with the compositionally distinct Kaharoa Tephra (Fig. 5.15). The identification 
of this unit, although tentative, is supported by similarities in the pattern of glass 
concentrations in core PS~ 06 (double peak in clear and brown shards), and by its 
stratigraphic position relative to other features in the core. 
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Sample B. Puk5~ 24 cm: Auckland VF, Rangitoto Tephra (n=JO) 
Sample B was taken from the top of the visible Rangitoto Tephra in the core to confirm the 
initial identification in the core and to support analyses of the visible basaltic tephra from 
replicate core P8_06. Unlike the sample from P8_06, this sample also contains a 
significant proportion of shards with a trachy-basalt and basaltic chemistry which are only 
recognised in the cryptic component above the Rangitoto Tephra. Although it is recognised 
that there is substantial variability/heterogeneity in many of the basalts (noted earlier), it .is 
possible that this sample could represent a mix of the two phases recognised by Needham 
et al. (2008). In this core Horrocks et al. (2005) did recognise two thin basaltic layers but 
they were separated by only 1 cm of sediment. Given the sedimentation rates of the core, 
the single centimetre is unlikely to represent the longer interval recognised by Needham et 
al. (2008) between the two phases, unless core loss or mixing had occurred. Because of a 
paucity of data in this core it is not possible to make any definitive links neither with the 
record of Needham et al. (2008), nor with the samples from core P8 _ 06. 
The calculated age of the Rangitoto Tephra from this core, based on a model of constant 
sedimentation (model 2; Fig. 5.7), is 544 ± 20 cal. yr BP (AD 1406 ± 20) based on an age-
depth model adjusted for changing sedimentation rates after the deposition of the Rangitoto 
l"ephra (Fig. 5.7). This age range overlaps with the best estimate age of the Rangitoto 
Tephra at 526-45·1 cal. yr BP (2cr range) (AD 1424-1499) (recalibrated from Nichol, 
1992), but is somewhat younger than the age estimated using core P8 _ 06 (AD 1469 ::i: 22). 
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5.2.7 Summary of findings and resultant issues 
I) Cryptotephra analyses were conducted on three lake sediment sediments core from 
Lake Pupuke that collectively span the interval from the deposition of the Taupo 
Tephra at AD 233 ± 13 up to the near present. Unlike sequences from the Waikato 
sites, the Lake Pupuke cores contain an additional visible tephra layer - the Rangitoto 
Tephra, the locally derived basaltic (mainly alkalic) tephra deposited between ea. AD 
1400 and ea. AD 1500 (see 3a below) during the main phase of the eruption of 
Rangitoto Island. 
2) The results of shard counts for the three cores reveal almost continuous background 
concentrations of clear and brown. tephra-derived glass punctuated by several discrete 
'peaks' in glass concentrations attributed to primary or secondary tephra depositional 
events. The discrete peaks in glass showed little evidence of sustained reworking or 
downward movement in the sediments. Background glass was identified as deriving 
from much older tephras which occur in the lake catchment. There were some 
variations in glass content between the different cores, despite their proximity to one 
another, and this variation has been attributed to localised differences in sedimentation 
in the lake, 
3) The results of single-shard analysis by electron microprobe revealed glass in the cores 
was derived from rhyolitic, andesitic-dacitic and basaltic sources. Analyses on selected 
levels from the core suggest that peak shard concentrations can represent both primary 
fall deposits and secondary (reworked deposits). Distinguishing between these two 
origins is not straightforward but has been based on replication between the core 
sequences, homogeneity of glass chemistry and the use of stratigraphic and age 
- 295-
Chapter 5 Auckland Region site 
relationships to correlate with eruptive events recognised at more proximal localities. 
Primary fall tephras are identified as cryptotephras in the lake sequences from major 
element glass compositions and supported by age models constructed for each core. 
Primary fall tephras identified include the rhyolitic Kaharoa Tephra, at least three 
andesitic tephras from Mt Ruapehu's Tufa Trig Formation: Tf5, Tf4 and Tfl4, and the 
widespread, visible, basaltic Rangitoto Tephra noted above. It is now possible that 
another basaltic tephra was erupted about 76 years after Rangitoto Tephra during a 
final (tholeitic) eruption phase of Rangitoto Island. It is also possible that a precursory 
tephra (also tholeitic) fell one or two decades before the main (alkalic) eruption phase. 
lt is emphasised that the evidence for both the 'precursory' and 'final' events is 
uncertain. Figure 5. I 8 provides a composite of results from all three cores and shows 
possible tie lines based on the results of glass concentrations and compositional 
analyses ofglass samples from one or more of the cores. Table 5.2 provides a summary 
of the main tephras identified by glass-shard major element composition in the core, 
indicating source and interpolated age of each deposit. 
a) The identification of the Kaharoa Tephra in the core represents the first reported 
occurrence of this critical marker of initial human (Polynesian) settlement in an 
Auckland site. This is the first record that shows the Kaharoa Tephra in the same 
stratigraphic sequence as another archaeologically significant marker, the Rangitoto 
Tephra. As a consequence, the current age estimate of the Rangitoto Tephra is 
revised to between 564-459 cal. yr BP (AD 1386-1491) based on the 2cr-age 
models from two cores from Lake Pupuke: age from core PS_ 06, 48 I ± 22 ea! yr 
BP (AD 1469 ± 22); age from core Puk5, 544 ± 20 cal. yr BP (AD 1406 ± 20). This 
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age range confirms the updated age estimates of 526-451 cal. yr BP (AD 1424-
1499) (recalibrated from Nichol, 1992) and estimates using other data including 
obsidian hydration dating, thermoluminescence and paleomagnetism (Lowe et al., 
2000). 
b) The three shard concentrations of intermediate chemistry identified in the cores are 
linked to Mt Ruapehu Tufa Trig members Tf4, Tf5 and Tf14 based on 
compositional analyses and interpolated ages. The compositions and interpolated 
ages of the Tf members can also be linked with shard concentrations identified in 
the Waikato sites. This record represents the first occurrence of andesitic tephras, 
deposited within the last 9 cal ka, within any Auckland sequence (and the first from 
Tongariro Volcanic Center to be recorded in the Holocene). lt is possible that a 
number of additional andesitic tephras are also preserved in the core but have not 
been analyzed for geochemistry. No glass was detected (other than a few single-
shard occurrences) which could be correlated to any recent Mt Egmont derived 
eruptives, the source of most andesitic tephra found in the maar sequences before 9 
cal ka. Shane (2005; 2007a) has suggested that changing wind conditions, in 
particular reduced westerlies, after the Last Glacial Maximum, may explain the 
lack of andesitic tephras found in Auckland Holocene records (see also Magill, 
2007). The results from Lake Pupuke show a prevalence of linG VC-derived 
tephras from a more southerly sector and consistent with this hypothesis. This 
finding could result in these Tongariro VC volcanoes being more significant for 
future ash-fall hazard models. 
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c) The frequency of eruptions from andesitic volcanoes identified in the cores so far 
exceeds previous estimates of andesitic falls in the Auckland Region of one per 960 
years. The new record from Lake Pupuke reveals that since 1700 cal yrs BP, or 
since the eruption of the Taupo Tephra, the frequency of andesitic tephras is one 
per 567 years. The analysis of further glass concentrations in the cores, which have 
not been analysed for geochemistry, could further increase this frequency. 
d) Much of the glass of alkaline (basaltic) chemistry identified in the cores does not 
correlate directly with previously established compositions of the Rangitoto Tephra 
or older Auckland Volcanic Field-derived tephras. This finding supports the 
assertion by Shane and Smith (2000) that there are likely to be compositional 
differences between proximal and distal A VF tephras. Basaltic glass identified 
immediately below the visible Rangitoto Tephra may represent reworked deposits 
of the tephra although the possibility that there was a minor precursory tholeitic 
phase cannot be ruled out (i.e. a precursory phase prior to the main alkalic 
Rangitoto Island-forming event that generated Rangitoto Tephra). Basaltic glass 
identified 9 cm above, and separated from the visible Rangitoto Tephra in core 
P8 _ 06 by about 76 years, may represent a later tholeitic phase (as proposed by 
Needham et al., 2008), or reworked glass. Glass of basaltic composition identified 
at other levels of the cores are thought to represent older, reworked A VF tephras 
including glass from the tuffring of Lake Pupuke itself. 
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CHAPTER 6: DISCUSSION 
6.1 Introduction 
The main aim of this research is to establish a post-Taupo Tephra record of tephra fall 
preserved as cryptotephra from sediment sequences collected from peat and lake sites in 
nmthem New Zealand. The results described" in Chapters 4 and 5 revealed a complex 
record of tephra deposition at each site, a consequence of both primary fall events from 
rhyolitic and andesitic sources and redeposition from older tephra units. These records 
provide considerable insight into both the frequency and distribution of tephra-fall events 
in the region as well as site specific and regional environmental changes since the Taupo 
Tephra eruption of AD 233 ± l 3. 
Determining the mode of deposition and, in particular, differentiation between primary fall 
and redeposited tephra was a major challenge and, during the course of this study, a 
protocol was developed to assist with this task. This chapter begins with a description and 
discussion of this protocol which serves two purposes: ( l) an explanation of how decisions 
were made in this study on the likely mode of deposition of cryptotephra, and (2) a 
working model that may usefully inform future investigations. This discussion includes 
appraisal of the principal investigative methods used in this study (section 6.2). The 
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remainder of this chapter provides a summary of the main tephra correlatives identified in 
this study which form the basis for an enhanced (more comprehensive) tephrostratigraphic 
framework for the Waikato-Auckland region (section 6.3), a review of site and 
environmental factors determining the preservation and identification of cryptotephra 
identified in this study (section 6.4) and finally, the implications of these cryptotephra 
records as discussed with respect to regional volcanic hazards assessment (section 6.5). 
6.2 Distinguishing primary tephra fall from redeposited tephra 
The tephra-derived glass shard concentrations reveal a detailed, and in some cases, 
complex pattern of tephra deposition and redeposition at each site. In all sequences, clear 
and brown coloured glass shards, corresponding to rhyolitic and andesitic (and/or basaltic 
in Lake Pupuke) volcanic sources, respectively, were found in near continuous, albeit 
mostly very low, concentrations. This background continuum of shards is marked by 
distinct and sometimes discrete elevated 'peaks' or zones of shards, the result of 
depositional events of primary fall and secondary reworking of tephra. Identifying and 
differentiating between the different sources of tephra from the complex pattern of shards 
was one of the main challenges of this study. 
The complexity of the tephra content observed in the different sites used in this study was 
not unexpected. In addition to primary fall, sedimentary and taphonomic processes 
operating at each site were important factors in determining the pattern of distribution of 
shards obtained. All the peat and lake sites used in this study are medially positioned, 
-I 00-300 km away from a range of volcanic sources which have experienced prolific and 
- 300-
Chapter 6 Discussion 
sometimes simultaneous explosive volcanic activity m the recent past (Shane, 2000). 
Sources for secondary reworking were also abundant in and around each site in the form of 
pre-existing tephra deposits. 
Candidate tephras for the sites included the Taupo and Kaharoa tephras, both the product 
of large scale eruptions from rhyolitic calderas, and preserved across much of the North 
Island and beyond (e.g. Lowe et al., 2008b). In addition to these two primary fall rhyolitic 
tephras identified in the sites, deposits from rhyolitic volcanoes were found to provide a 
major source of reworked tephras at all the sites. The region's andesitic volcanoes, on the 
other hand, have been very frequently active in recent times producing much smaller 
volumes of tephra which were thought to be confined to mainly proximal sites with only a 
few of the largest eruptions (or smaller-volume events with wider dispersal by 
exceptionally strong winds) depositing ash in medially positioned sites (Alloway et al., 
1995; Eden & Froggatt, 1996; Hobden et al., 2002). In this study at least nine andesitic 
tephras were detected in the post-Taupo sediments with possibly many more preserved as 
smaller concentrations of shards. The basaltic eruptions of the Auckland Volcanic Field 
(A VF) have occurred relatively infrequently resulting in only localized distribution of 
tephra (Shane & Smith, 2000a). The A VF eruptions were found to provide a source of 
primary fall and reworked tephra in the Auckland site. In addition to the potential sources 
of tephra, the condition and history of the sedimentary environments was considered an 
important factor for the preservation and identification of cryptotephras in the different 
sediment profiles. Section 6.4 in this chapter evaluates the different sedimentary archives 
with respect to the preservation of cryptotephras. 
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6.2.1 Developing a protocol for identifying primary fall tephras 
Identifying primary tephra fall events from the complex cryptotephra records, one of the 
primary objectives of this study, was not straightforward. Unlike the isolated shard 
concentrations typically obtained from cryptotephra sites located very distally from 
volcanic sources (e.g. Hang et al., 2006), the shard content from the sites used in this study 
represent multiple and sometimes simultaneous depositional events (from primary and 
secondary sources) resulting in multiple and in some cases overlapping peaks in shard 
concentrations. In the peat sites, there was the added complication that shard 
concentrations were typically disseminated over several centimetres in the peat. 
During the course of this study, a working procedure was developed to distinguish primary 
fall-tephra layers from these non-primary sources. It should be noted that the procedure, 
described below and in Fig 6.1, was not always followed rigidly particularly during the 
early, developmental stages of the study. It is presented here both to indicate in broad 
fashion how key decisions were made and as a protocol to guide future investigations of 
similar phenomena based on the cumulative experiences and findings of this study. Even 
so, this protocol should be applied with caution and discretion and no doubt could be 
improved with further application. For example, relatively little detailed compositional 
data are available on andesitic glass shards (e.g. Shane, 2005; Shane et al., 2008a) and the 
level of heterogeneity for individual eruptive events needs further testing to confirm the 
principle of homogeneity used in the model. Further, although the lack of replication 
between cores or sites suggests strongly that an heterogeneous glass concentration is 
probably reworked (Fig. 6.1, panel at bottom right), a primary-fall origin cannot 
definitively be ruled out in each case because insufficient cores may have been examined, 
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or sediments preserved m a core might have been compromised in some way leading to 
missing units. 
SAMPLE 
SELECTION 
>-0::: 
(/) 
~ 
w 
I 
0 
0 
w (9 
N 
IDENTIFICATION 
OF TEPHRA 
Does cryptotephra slfaligraphy 
match existing tephrostratigraphic 
framework? 
Yes No or uncertain 
I Are the layers/peaks in shards I I Are the layers/patterns of shards I 
replicated between cores or sites? replicated between cores/sites? 
yes 
Probably primary 
fall tephra 
no ;~· f no I Are there Indicators of dis 
or rewot1<ing in the slfalig 
turbance 
raphy? 
no ye s 
Possibly primary 
fall tephra 
I Probably reworked I Very likely to be 
reworked 
Mostly or entirely a homogenous population? 
no 
Probably 
reworked 
tephra 
yes f 
Possibly unknown 
primary fall tephra 
no 
Replicated between 
cores or sites? 
yesf no 
Do populalions 
correlate with 
known tephras? 
no 
Probably reworked 
tephra 
Figure 6.1. Proposed model for identifying primary-fall tephras from cryptotephra content. 
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The procedure consists of a sequence of enquiries in two phases. The first stage uses 
stratigraphic infonnation to differentiate between shard concentrations most likely to be 
derived from primary fall deposits and reworked deposits in order to target samples for the 
second stage, geochemical analysis. This two-stage procedure recognises that all 
cryptotephra work will include stratigraphic analyses but not all will have the resources to 
undertake geochemistry. 'fhose that do will require a judicious sampling strategy, infonned 
by the results of the first, stratigraphic, stage. It therefore allows both for infonned 
decisions to be made based on stratigraphy alone as well as for confinnation and 
substantiation to be achieved from geochemical analysis undertaken at varying degrees of 
resolution. 
(/) Stratigraphy stage 
In the first stage of this approach, the shard counts were compared with the existing 
tephrostratigraphic framework for the region. In this study, the reconciliation of these 
records was relatively straightforward because the tephrostratigraphic records for the 
region's rhyolitic and andesitic volcanoes are generally well known. The distributions of 
the individual tephras beyond the visible limits were unknown. lnfonnation from the 
tephrostratigraphic records which were also useful to this study included known dispersal 
range and thickness of proximal deposits which helped to narrow down the most likely 
candidate eruptions. It is noted, however, that the frequently-erupting andesitic volcanoes 
have complex proximal records in detail and many 'units' are composites of multiple 
events erupted over considerab(e,time periods (e.g. Donoghue et al., 1995b). 
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Matching the patterns of clear (rhyolitic) shards to the known tephrostratigraphic record 
was the most straightforward for the different tephra types identified. In the time period 
investigated in this study, there was only one rhyolitic candidate eruptive since the Taupo 
Tephra eruption- the Kaharoa Tephra which has a well defined dispersal range as a visible 
unit and which was a very likely candidate for detection in all the sites (Newnham et al., 
1998). Because the Kaharoa Tephra is also well dated it was possible to estimate the 
approximate location in the cores where the cryptotephra would be preserved using the age 
model for the core as a location 'device'. Additional peaks in clear shards were therefore 
likely to be derived from reworked sources. 
Matching the peaks or concentrations of brown (andesitic) shards with the known eruptions 
froni andesitic eruptions was less straightforward, because (a) there were many more 
candidate eruptions, (b) the distribution of the tephras was typically not so well detined, 
and (c) the ages of the individual eruptions were poorly constrained. lt was, however, 
anticipated that the brown shard concentrations were less likely to derive from secondary 
reworking as there were no known exposures of andesitic tephras in or around the sites. 
The fall deposits were also likely to have been quite thin at the sites and were therefore less 
likely to be disseminated in the sediments than is the case with the thicker tephras (e.g. 
Taupo and Kaharoa tephras). Although not yet explored fully, it is possible that some 
apparently disseminated andesitic shard concentrations actually represent volcanic 'events' 
that comprise several phases that occur over an extended length of time (Magill et al., 
2006a; Jenkins et al., 2007). In the upper section of the Moanatuatua Bog core (MR2) it 
was eventually possible (following geochemical analysis) to link shard concentrations to 
well documented historical eruptions (i.e. since around the mid-1800s in New Zealand) 
using the age model for the core, Because some of the shard concentrations .for these 
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eruptions were relatively small it is possible that additional, unknown pre-historic eruptives 
represented by similarly small concentrations of shards had not been recognized from the 
cryptotephra content in the lower sections of the cores. Because glass concentrations from 
historic eruptives (e.g. from 1974-1975 Ngauruhoe eruption) were manifested as simple 
isolated concentrations in the cores (with no or very few shards immediately above or 
below in the peat), it is also possible that similar-sized concentration peaks also represent 
primary fall events rather than secondary or reworked shards from a pre-existing layer or 
zone. The absence of any such antecedent zone/concentration to provide a source for 
reworking implies that the isolated peak must have arrived through aerial deposition and 
hence represents a primary depositional event. 
After consideration of the existing tephrostratigraphic framework, the second stage was to 
assess the degree of replicability in tephra shard concentrations between cores. In this 
study primary fall tephras were almost always well replicated in the cores from the 
individual sites, whereas reworked shards typically formed spatially variable pattems. The 
cores from Lake Pupuke (P8_06 and Puk5; Fig. 5.18) provide a particularly good example 
of this. All primary fall tephras were replicated between the two main cores whereas 
concentrations found to derive from reworked sources were only evident in one core 
(P8 _ 06), probably as a result of localised reworking. By comparing cryptotephra records 
between the different sites it was also possible to identify comparable pattems which are 
more likely to derive from primary fall tephras. 1his was particularly useful for evaluation 
of the Opuatia Bog core where there was no replicate core. For example, a peak in brown 
shards coinciding with the decline in clear shards above the Taupo Tephra was identified in 
cores from Moanatuatua Bog (Figs. 4.2.7-8) and Lake Rotoroa (Fig. 4.3.4). It was therefore 
likely that a similar pattem of shards in the other two sites would represent the same 
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tephra. It is still possible, however, that primary fall tephras may be better preserved in 
some sites or parts of the site than others; for example, where the occurrence of reworked 
shards obscures primary fall deposits. 
Where replication does not or cannot provide sufficient information to distinguish between 
primary and secondary deposited tephras, other stratigraphic evidence may also be 
informative, in particular where there is evidence for reworking or disturbance in the 
sediment sequences. Where this is the case it may not be beneficial to take samples for 
geochemistry. In Opuatia Bog, for example, the presence of silt or clay layers in the upper 
section of the sequence provided an indication that the bog had been inundated during 
recent flooding events (section 5.3). It is likely that such events would have had a 
significant disturbance effect on the site including redeposition of tephra by water 
movement. Indeed, the occurrence of high concentrations of clear shards in this section of 
the core, which were stratigraphically well above the cryptic Kaharoa Tephra, provided 
clear evidence for the presence of reworked tephras. In this case it was considered that the 
concentrations of brown shards at the same levels were also likely to be reworked. In a 
Lake Rotoroa core (LR I) the age reversals obtained from two radiocarbon dates were 
suggestive of reworking of older carbon in the catchment (section 4.3.4). This 
interpretation was supported by the results of geochemistry which revealed a significant 
contribution of reworked (much) older tephras. Other stratigraphic evidence for reworking 
identified in this study included evidence tor fires from charcoal layers, irregularities in the 
pollen records, and changes in the sediment composition including increases in mineral 
particles. In many cases, stratigraphic evidence for disturbance and reworking coincided 
with clear signals of human activities in the region indicated by pollen analysis, age 
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models or loss-on-ignition measurements (as described, for example, in Newnham et al., 
1998). 
The use of these three stratigraphic criteria - comparison with existing tephrostratigraphic 
framework, replicability, and independent disturbance indicators - allows a preliminary 
assessment of primary tephra-fall events to be made. For some studies this will be the end 
result. For studies that are supported by geochemical analysis of glass shards, the results of 
this stratigraphic stage can be used to select candidates for these analyses, to confirm or 
refute the preliminary assessment of fall provenance, underpin tephra identification and 
correlation, as well to identify mixed or heterogeneous populations, as outlined below. 
(2) Geochemistry stage 
In the description below, it is assumed that the selected candidates for geochemistry are 
considered likely to be primary-fall tephra, based on the stratigraphy phase, The first step 
in interpreting any geochemical analysis of tephra shards is to detem1ine whether the 
sample consists of an entirely (or mostly) homogenous population. This step is indicative 
rather than diagnostic. A homogenous geochemical population implies primary fall 
provenance but that may not always be the case, as noted above. In some cases in this 
study there was evidence for reworking of a single prominent tephra, e.g. the Taupo 
Tephra. Conversely, a heterogeneous population may point to reworking, but this also is 
not necessarily always the case. As alternative scenarios, the mixed population may match 
a known tephra correlative with a heterogeneous composition arising through magmatic 
processes (e,g., Shane et al., 2008b) or may reflect two or more overlapping fall events. 
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At this point, it is necessary to consider the varying degrees of complexity that may be 
seen in mixed populations. A large number of samples analyzed in this study showed 
mixed geochemical populations. In most samples there was a small background 
concentration of reworked tephras (e.g. 1-3 shards for every I 0 shards analyzed), mainly 
from rhyolitic sources, with the majority of shards having homogeneous geochemistry. In 
this study a population was considered mixed when it consisted of a greater degree of 
heterogeneity (e.g. < 60% of shards share the same geochemistry). It was sometimes 
possible to conclude, on the basis of other key criteria of the protocol, that mixed 
populations actually consisted of one or more primary fall tephras and/or one or more 
geochemical populations from reworked tephras. In one sample from Lake Rotoroa it was 
possible to identify five separate geochemical populations (section 4.2). In this case, the 
multiple populations represented several depositional events including closely spaced or 
effectively simultaneous eruptions (Kaharoa Tephra and Tufa Trig tephra) in addition to 
significant and multiple contributions from reworked deposits. In the case of multiple 
populations it is beneficial to undertake a much larger number of analyses to account for 
the different populations (as recommended by Shane et al., 2008b). It may also be 
necessary to obtain further (more closely spaced) samples to determine the stratigraphic 
position of individual primary fall tephras. 
The second step considers the degree to which the patterns of geochemistry are replicated 
between sequences. If this is clearly not the case, (it is considered judicious to apply the 
precautionary principle and conclude that) the tephra is probably reworked, regardless of 
whether geochemistry populations were homogenous or not. On the other hand, if 
comparable geochemical data are attained in similar stratigraphic pattern. in different 
sequences, even when mixed populations are involved (see above), it is less likely that the 
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shard concentration or peak is derived from the more localized distribution of reworked 
tephras. The determination of primary fallout in such cases is further strengthened if, in the 
final (third) step, a satisfactory tephra correlative match can be achieved from the 
geochemistry. However, if the geochemistry is replicated but the tephra cannot be 
correlated with a known event then it is still likely to be primary fall, but derived from an 
unknown eruption or volcanic source in which case further investigation may be warranted 
especially where the number of cores or samples examined has been limited. 
6.3 An enhanced post-Taupo (crypto) tephrostratigraphic framework for the 
Waikato-Auckland region, New Zealand 
By following the protocol summarized in the previous section it was possible to identify a 
number of key primary tephra fall events which can be linked to known eruptive events in 
the region. These correlatives include the rhyolitic Kaharoa Tephra and nine tephras from 
andesitic volcanic sources (Fig. 6.2). Figure 6.2 provides a composite of the results of 
cryptotephra analysis from representative cores from each site and shows where these can 
be correlated between the different sites. All cryptotephras identified in this study provide 
a significant extension or addition to the known dispersal range of the tephras based on the 
visible range of the deposits (Fig. 6.3). The following section provides a summary of each 
of the tephra correlatives from rhyolitic and andesitic sources identified in this study with 
reference to the compositional characteristics, age, stratigraphic position and dispersal 
range of the deposit. Where appropriate, variability in the tephra records between the 
different sites is also discussed. 
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Tasman 
Sea 
0 km 100 
Q Rhyolitic caldera volcanoes 
.... 
: • \ Andesitic cone volcanoes 
. . 
........ 
• Auckland Volcanic Field (basaltic) 
1. Moanatuatua Bog 
2. lake Rotoroa 
3. Opouatla Bog 
4. lake Pupuke 
• visible Kaharoa Tephra 
• visible TnG VC tephras 
Pacific 
Ocean 
Figure 6.3 Known dispersal range of the visible Kaharoa Tephra (after Lowe et al., 1998) and 
post-Taupo Tongariro Volcanic Centre (TnGVC)-derived eruptives (after Donoghue et al., 
1995b; Eden and Froggatt, 1996) with extension or dispersal axis of cryptotephras identified 
in the sites used in this study (shown by numbers 1-4). Distribution of Taupo ignimbrite 
radially around Lake Taupo (dashed grey line) and tephra fallout isopachs (in cm) derived 
from the Taupo eruption (from Wilson & Walker, 1985; from Wilson & Leonard, 2008). The 
occurrence of Taupo Tephra (<10 cm thick) in the Waikato and Auckland regions has been 
documented by Tonkin (1967), Pullar and Birrell (1973), Pullar et al. (1977), Lowe et al. 
(1988b), Horrocks et al. (2005), Gehrels et al. (2006) and others. EgVC, Egmont VC (Mt 
Taranaki, Tn); TVC, Taupo VC; OVC, Okataina VC. 
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6.3.1 Rhyolitic tephrostratigraphy (visible and cryptic tephras) 
Glass shard concentrations derived from rhyolitic sources provided a significant 
contribution to the tephra content of most sites, derived from both primary fall events and 
reworked tephra components. Apart from the visible Taupo Tephra, the Kaharoa Tephra 
from the Okataina VC was the only candidate eruptive from a rhyolitic volcanic source in 
the region that was likely to be found as a cryptotephra in the post-Taupo Tephra 
sediments, The 1886 Mt Tarawera eruption, also from the rhyolitic Okataina VC, was 
basaltic, however, and, although very explosive for a basaltic event, produced fallout 
essentially confined to the Bay of Plenty -eastern Coromandel- East Cape regions and 
northwards because of strong southerly winds (Lowe et al., 2002; Sable et al., 2006). Both 
Taupo and Kaharoa tephras were identifiable from glass shard geochemistry and were 
found to contribute to the background concentrations of clear shards in many of the cores. 
Pre-Taupo rhyolitic shards were also identified in some sites. Identifying and 
differentiating between the different sources of rhyolitic glass was relatively 
straightforward in this study using.geochemical analyses of the shard concentrations. 
Taupo Tephra AD 233 ± 13 (1717 ± 13 ea/. yr BP) 
The Taupo Tephra forms a distinct visible horizon at three sites investigated in this study 
and was identified in the core by physical characteristics and stratigraphic position. All 
sites fall within the known range of visible Taupo Tephra. The Waikato sites match 
approximately the thicknesses recorded for Taupo Tephra by Tonkin ( 1967) and Pullar and 
Birrell ( 1973) although there is considerable variation (-1-10 cm) because of possible 
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reworking or compaction; at Moanatuatua Bog and Lake Rotoroa the tephra is less than I 
cm thick. At Opuatia Bog, pumiceous alluvium formed the base of the sequence, derived 
from the break-out flood resulting from, and occurring shortly after, the AD 233 ± 13 
Taupo eruption (Manville et al., 1999; 2007). Geochemical analysis was used to confirm 
the field identification of the visible tephra in selected sites and it was easily 
distinguishable from pre-Taupo VC derived tephras and from other rhyolitic sources by its 
unique geochemical composition. In comparison to Okataina VC-derived tephras, the shard 
composition of Taupo VC tephras has characteristically lower Si02 (74.8-76. 7 wt %) and 
K20 (2.44-3.62 wt %). The geochemical composition of the Taupo Tephra shards analysed 
rrom the sites used in this study corresponds with the climactic (ultra)plinian phase of the 
Taupo Tephra event (Unit Y after Wilson, 1993) (Si02 = 75.04 ± 0.19 wt%; K20 = 2.85 ± 
0.07 wt%) which is consistent with the findings from the tephra identified in other North 
Island sites (Gehrels et al., 2006; Lowe et al., 2008b). Unit Y5 is compositionally identical 
to Unit Y7, the 'Taupo ignimbrite' phase (Stokes et al., 1992). The only slight discrepancy 
with published analyses is that there are slightly higher mean Si02 values in the analyses 
from this study. However, these higher values appear to be characteristic of most of the 
subsequent correlatives and probably relate to small differences in analytical conditions 
(e.g. Lowe et al., 1999). 
Glass shards correlating with the Taupo Tephra were also found to be a significant 
contributor to the cryptotephra content of the sites. These included clear glass shards found 
in high concentrations immediately above the visible tephra as well as background 
concentrations of clear shards mixed with andesitic populations. In Lake Rotoroa these 
included mostly pre-Taupo tephras. In some cases Taupo Tephra-derived shards were 
found persisting right to the very top of a sequence. There were no significant variations in 
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composition observed between the visible and cryptic components of the tephra which 
indicates that reworking of the shards has not had a perceptible impact on the shard 
geochemistry (Fig. 6.4). 
In all sites, analysis of the visible and cryptic component of the Taupo Tephra revealed a 
minor population of glass shards (e.g. 2 out of 16 [13%] shards analyzed in sample MR2 
145 cm) with similar composition to a number of post-22 ka Okataina VC derived tephra. 
As well, a few additional analyses suggest possible derivation from older Taupo VC-
derived tephras (Fig. 6.4). The inclusion of an older unit with Okataina VC-Iike glass 
within the distal deposits associated with the Taupo Tephra layer has been noted in 
previous studies (Stokes & Lowe, 1988; Lowe, 1988b; Clarkson et al., 1995; Gehrels et al., 
2006). It has been attributed to contamination (during analysis, coring or mixing during 
eruption) or to a separate (compositionally different) phase of the Taupo eruption or a 
hitherto unknown Okataina eruption that occurred simultaneously with the Taupo Tephra 
eruption. There is otherwise no known evidence for an Okataina eruption around this time 
and there is little current evidence to suggest additional phases of the Taupo eruption. It is 
thus more likely that the shards represent some form of contamination. Because the 
contamination is consistent in all cores (Fig.6.4) it is probable that it actually relates to the 
eruption. rhe Taupo Tephra eruption was an extremely powerful event and it erupted 
through many metres of volcanic deposits built up in the caldera which could thus have 
become incorporated within the Taupo Tephra plume. It is also possible that contamination 
in the cryptic component of the tephra could be attributed to post-eruption environmental 
instability (see section 6.3.2). 
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Glass analysis from the Taupo Tephra also exhibits very subtle variations between some of 
the different sites (Fig. 6.4). These variations could arise for a number of reasons: {l) 
unidentified changes in analytical conditions between samples; (2) compositional 
variations between the different phases of the eruption; (3) physical or chemical 
weathering effects in the different sedimentary environments. Alternatively, the 
'variations' are not significant and simply lie within the error ranges for the analyses. 
4.0 
C MR2126 cm (er) 
' 
• MR2 138 cm (er) 
0 MR2 145 cm (v) 
3.0 A LR1 28 cm (er) post-22 ka 
X P806 212 cm (v) 
-~ 0 
~ 
-0 2.0 c 
<1) 
LL 
1.0 
post-22 ka Okataina VC* 
0.0;--,.--.--.--.--.--.--.--.--.--.--.--.--.--.--~ 
72.0 73.0 74.0 75.0 76.0 77.0 78.0 79.0 
Si02 (wt %) 
Figure 6.4. Compositional analysis of glass shard samples from the visible (v) and cryptic 
(er) components of the Taupo Tephra in cores MR2, LR1 and P806. *Grey fields represent 
compositional ranges of post-22 ka Taupo and Okataina VC-derived tephras from Shane 
(2000). 
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Kaharoa Tephra AD 1314 ± 12 (636 ± 12cal.yr BP) 
The Kaharoa Tephra was identified as a cryptotephra from distinct elevated concentrations 
of clear shards in all sites, located approximately halfway between the Taupo Tephra and 
the top of the cores. Compositional analysis, stratigraphic position and relative age all 
provided definitive evidence to support the identification of this tephra in all sites. The 
identification of Kaharoa Tephra in the sites provides an extension of the dispersal range 
of the tephra based on visible (3 mm isopach) deposits alone (Fig. 6.3; Newnham et al., 
1998), In Moanatuatua Bog the cryptotephra identification represents a ea, 40 km 
extension to the known visible limit. These findings support the hypothesis proposed by 
Newnham et al. ( 1998) that the tephra would be detectable beyond the visible limit in the 
Waikato and Auckland regions. Given the high concentrations of shards representing the 
cryptotephra in the sites used in this study, and the ease with which it was detected, it is 
very likely that that the Kaharoa Tephra is detectable as cryptotephra over much of the 
northern and middle part of the North Island and probably beyond. Because the Kaharoa 
Tephra represents a critical stratigraphic marker for late Holocene palaeoenvironmental 
and archaeological studies (Lowe et al., 1998; Hogg et al., 2003), these findings open up 
the potential for its use at a greater number of sites in the North Island. 
Geochemical analysis of the rhyolitic glass concentrations representing this tephra were 
typically homogenous geochemically and were characterized by high analytical totals 
compared with older rhyolitic tephras, consistent with assays from previous work (e.g. 
Shane and lngraham, 2002). Most Holocene tephra beds contain up to 4 wt% water, the 
degree of hydration depending on geographic location and age (e.g. Froggatt, 1983; 1992; 
Shane, 2000; Shane & lngraham, 2002). The deficiency in analytical total from I 00% in 
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electron microprobe analyses of volcanic glass shards is due mostly to secondary water not 
analysed (Shane, 2000). The shard concentrations correlate well with published values for 
the Kaharoa Tephra which is a compositionally distinct tephra from the Okataina VC, 
readily distinguishable from the Taupo Tephra and preceding Okataina VC derived tephras 
(Fig. 6.5 a; Table 6.1 ). 
Table 6.1 shows a summary of analyses from the different sites used in this study 
compared with the published values of the tephra (Newnham et al., 1998; Lowe et al., 
2008b). Analyses from the different sources all show quite consistent values for this tephra 
supported by low standard deviations for most oxides. Analyses from this study also show 
good correspondence with published values for most oxides. As with the Taupo Tephra, 
Si02 values from this study are typically very slightly higher and Ah03 slightly lower than 
for the most recent published values (·Lowe et al., 2008), probably reflecting small 
differences in analytical conditions (Table 6.1 ). The most recent published values for the 
Kaharoa Tephra include Type I (T I) and Type 2 (T2) compositions which represent subtle 
variations in the composition of the tephra recognized by Smith et al. (2005) (Lowe et al., 
2008b). Tl and T2 magma types correspond with tephra units from early and later phases 
of the eruption (respectively) which represent the tapping of separate batches of magma 
(Smith et al., 2005; Shane et al., 2008b). The units are recognized in proximal deposits: A-
I (early phases), units J to L (intermediate phase), and units M+ (later phases) (Fig. 6.4 b; 
Shane et al., 2008b). The early and later phases are represented by the southeast and 
northwest plumes from the volcano, respectively (Fig. 6.3) (Nairn et al., 200 I; 2004 ). 
Figure 6,5 b, a bivariate plot of analyses from this study overlain by the compositional 
ranges for the different units, shows that the majority of analyses fall within the range for 
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unit M+ (later phases, generally blown north or northwestwards; Nairn et al., 200 I). Table 
6.1 highlights the diagnostic oxides for the tephra (Si02, CaO, K20 and FeO) and shows 
that the analysis from this study also corresponds better with the later phases (T2 from 
Lowe et al., 2008b). T2 tephra exhibits slightly higher Si02, CaO, and FeO and lower K20 
than the T I population, although it is emphasized that these are very small differences and 
with errors they are indistinguishable (Table 6.1 ). 
- 319-
Chapter 6 
A 
5.0 
4.0 
• 
3.0 
2.0 
0.00 0.25 0.50 
8 
4.5 
4.4 
4.3 
~ 4.2 
~ 
~ 4.1 
4.0 
3.9 
3.8 
3.7 , 
0.4 
Kaharoa Tephra (0.64 ka) 
ovc 
• MR2- 63an 
• MR2· 74 an 
• MR2-80an 
/1 MR7 
X P8_06 
Whakatane Tephra (-5.5 ka), OVC 
+ 
+ ++) .. ~ 
+ 
Discussion 
Taupo Tephra (1 .7 ka), TVC 
0 .75 1.00 1.25 1.50 1.75 2.00 
CaO(wt%) 
•• 
• 
• 
• • )( • 
• T 
0.5 0.6 0.7 0.8 
CaO (wt%) 
Figure 6.5. Bivariate plots of CaO versus K20 for glass analysis of the Kaharoa Tephra from 
three sites: A, shown in relation to analysis from the Taupo Tephra; B, analysis shown in 
relation to ranges of the three compositional units identified from Shane et al. {2008b). 
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Table 6.1 Summary of major element composition of the Kaharoa Tephra identified in sites from this study compared with summary 
analyses from Lowe et al. (2008) and mean values from six sites in the Waikato and Bay of plenty from Newnham et al. (1995), *mean 
values of analyses from six sites from Bay of Plenty and Waikato regions. Mean values in bold. Normalised to 100% loss free (wt.%). In 
published analysis P20 5 is replaced by Cl. Grey boxes highlight d iagnostic elements. 
SiO, AI,O, no, FeO M nO M gO CaO Na,O K,O P,O, H,O n 
MR2 (85cm) 77.74 0.29 12.27 0.15 0.06 0.02 0.86 0.09 0.06 0.06 0.07 0.01 0.62 0.05 4.1 3 0.1 3 4.18 0.11 0.00 0.03 1.16 1.64 10 
MR2 (80 cm) 78.20 0.45 12.14 0.14 0.08 0.03 0.85 0 .11 0.11 0.04 0.07 0.01 0.62 0.05 3.89 0.29 4.04 0 .16 0.00 0.03 0.86 1.14 14 
MR2 (76 cm) 77.79 0.28 12.24 0.20 0.09 0.10 0.81 0.10 0.06 0.05 0.07 O.Q1 0.59 0.04 4.18 0.12 4 .17 0.10 0.00 0.01 1.23 1.28 12 
MR2 (74 cm) 77.68 0.17 12.19 0.14 0.08 0.02 0.86 0.10 0.04 0.07 0.07 0.01 0.60 0.04 4.28 0.14 4.18 0.08 ~.02 0.02 1.41 0.98 13 
MR2 (72cm) 77.83 0.57 12.14 0.07 0.09 0.02 0.88 0.12 0.05 0.06 0.07 0.01 0.60 0.02 4.09 0.11 4.05 0.07 ~.02 0.02 0.77 0.48 g 
MR2 (63 cm) 77.97 0.21 12.19 0.14 0.08 0.04 0.75 0 .12 0.06 0.03 0.07 0.01 0.60 0.04 4..16 0.11 4.11 0.11 0.00 0.02 0.50 0 .62 11 
MR2 (61 cm) 77.97 0.25 12.06 0.06 0.08 0.05 0.86 0 .08 0.04 0.02 0.07 0.01 0.62 0.03 4.24 0.10 4.06 0.10 ~.01 0.01 1.55 0.80 5 
MR7 (90cm) 77.92 0.87 11.97 0.31 0.11 0.07 0.92 0 .35 0.07 0.07 0.09 0.07 0.69 0.30 4.16 0 .. 20 4.05 0.40 0 .. 02 0.02 1.00 1.36 12 
LR1 (15 cm) n.72 0.26 12.19 0.22 0.07 0.02 0.87 0.08 0.09 0.04 0.07 0.00 0.61 0.03 4.20 0.14 4 .17 0.08 0.01 0.01 1.74 0 .91 3 
P8_06 (78 cm) 77.81 0.21 12.16 0.16 0.08 0.03 0.88 0 .14 0.05 0.06 0.07 0.01 0.59 0.05 4.25 0.11 4 .10 0 .10 0.00 0.02 1.28 0 .92 11 
Total analysis 0.17 12.16 0.09 0.08 0.01 .... 0.05 0.06 0.02 0.07 0.01 U1 0.03 4.16 0.11 0.06 0.00 0.01 1.15 0 .38 100 
Lowe el al. (2008) 
T1 (earty phase) 0.19 12.39 0.11 0.12 0.06 ...,. 0.07 0.08 0.05 0.05 0.04 0-11 0.05 4.04 0.12 0 .08 4.93 2.00 84 
T2 (late phase) 0.18 12.32 0.07 0.1 3 0.05 0 .07 0.07 0.05 0.05 0.04 1.11 0.05 4.01 0.13 0.15 1.83 0.50 30 
Newnh•m et a/. (1998) 
Kopoua/al Bog 0.31 12.49 0.15 0.13 0.04 0.26 0.09 0.13 1.55 0.06 3.42 0.19 0.43 0.93 0.68 10 
L. Walammoaone 0.28 12.83 0.14 0.12 0.03 0.10 0.08 0.03 0.07 3.89 0.13 0.25 6.31 1.39 11 
Mean values' 0.10 12.55 0.06 0.11 0.01 0.04 0.10 0.01 ... 0.03 3.67 0.06 0.06 2.32 0.41 82 
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Chapter 6 Discussion 
6.3.2 Andesitic-dacitic tephras 
Tephras from andesitic volcanoes formed the greater part of primary fall tephras identified 
in the post-Taupo sequences in this study. Using glass shard geochemistry, stratigraphic 
information from proximal deposits and in some cases, the established age of the tephra, it 
was possible to link shard concentrations to known eruption events from the region's 
andesitic volcanoes. In total it was possible to identify at least nine individual post-Taupo 
tephras with andesite-dacite chemistry from Mt Ruapehu (Tufa Trig eruptives) and Mt 
Ngauruhoe of the Tongariro VC {Table 6.2). It is possible that more andesitic tephras are 
preserved but have not been identified in the sites. 
Somewhat surprisingly, none of the individual shard analyses from the sites investigated in 
this study could be linked to tephras from Mt Egmont {Taranaki; Fig. 6.3) volcano (pre-
and post- Taupo Tephra) or any other known pre-Taupo Tephra andesitic tephras. 
Eruptions from Mt Egmont have been less frequent than from Tongariro (TnG) VC 
volcanoes but typically significantly larger in size (volume). In the early part of this study, 
Egmont-derived tephras were considered highly likely candidates to be identified in the 
sites. This assumption was based largely on past records which showed a prevalence of Mt 
Egmont-derived tephras in pre- and early Holocene sequences in the Waikato Region and 
as far as Auckland (e.g., Shane, 2005). In comparison, only very few Tongariro-derived 
tephras were found in these sites (Lowe, l988b; Cronin et al., 1996b; Shane et al., 2002; 
Shane, 2005; Lowe et al., 2008b). The findings from this study suggest there may have 
been a marked change in the distribution of Egmont tephras in the late Holocene. As 
suggested in Chapter 5, changes in wind patterns at the end of the last glaciation may help 
account for the apparent lack of these tephras in Late Holocene sediments in Auckland and 
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Waikato regions. Egmont-derived Burrell tephras have been identified, although not 
definitively, in Hawke's Bay sites and may represent the northerly limit of the ash from 
these post-Taupo eruptions from this volcano (Eden & Froggatt, 1996). The paucity of 
these tephras in the sites from this study also implies that perhaps, in terms of 
contemporary volcanic hazard assessment to Auckland and Waikato regions, Egmont 
eruptions are less significant (in terms of frequency) than previously thought compared 
with eruptions from Tongariro VC eruptions, (Shane, 2005). 
Given the small eruptive volumes of Holocene Tongariro VC tephras, their limited 
dispersal as a visible tephra unit and 'high weatherability' of the andesitic glasses, previous 
studies suggest that andesitic tephras would be of much less value than rhyolitic tephras for 
stratigraphic studies (Donoghue & Neall, 1996; Shane, 2000) (Fig. 6.3). In contrast, this 
study has shown that andesitic cryptotephras can potentially provide identifiable and 
distinguishable stratigraphic marker tephras and may have greater resolution than rhyolitic 
tephras for time periods poorly represented by all other tephras, Especially where 
identitied in combination with the Kaharoa Tephra, as was the case in this study, it is 
possible that these andesitic tephras could provide very useful stratigraphic markers for a 
critical time period in New Zealand's history which marks the first arrival ofhumans on 
the islands (Lowe et al., 2000). These findings should encourage further work on these 
tephras including developing a more comprehensive database of the composition of the 
individual tephras, more comprehensive assessments of their homogeneity or 
heterogeneity, and the use of trace- and rare-earth elements to help differentiate between 
different tephra members more effectively. Further work would also be necessary to retine 
the dates of individual pre-historic tephras if they are to provide definitive age markers for 
post-Taupo sedimelits. 
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The identification of so many andesitic tephras in the medial to distal sites in this study 
was somewhat surprising given that brown (andesitic) shards were not recorded at all in a 
previous cryptotephra investigation of a -5000 year pre-Taupo Tephra sequence from 
another Waikato peat bog (Gehrels et al., 2006), although some Ruapehu derived tephras 
have been identified as visible tephras in early Holocene sequences as far as Auckland 
(Shane & Hoverd, 2002; Shane, 2005). An explanation of this unexpected finding remains 
unclear but seems likely to involve changes in the dynamics of the Ruapehu Volcano and 
changes in wind patterns, Mt Ruapehu eruptives were less frequent prior to the Taupo 
eruption but consisted of many larger magnitude events (Donoghue et al., 1995a; l995b ). 
This possibility, in combination with changing wind or atmospheric circulation patterns 
may have resulted in stronger dispersal of Ruapehu-derived tephras across the Waikato and 
Auckland regions. 
Tufa Trig Formation tephras 
The andesite-dacite tephras from Mt. Ruapehu volcano formed the dominant source of 
andesitic volcano derived cryptotephras (eight out of nine) identified in the four sites 
(Table 6.2). All shard concentrations were found to correlate with Tufa Trig Formation 
tephras, a group of at least 19 tephra .units erupted from Mt Ruapehu since the Taupo 
Tephra which are compositionally distinct both from older (pre-Taupo Tephra) Mt 
Ruapehu tephras and from tephras from other Tongariro VC volcanoes (Ngauruhoe and 
Tongariro) (Donoghue et al., 1995b ). The 19 Tu fa Trig Formation tephras are recognized 
as distinct and mappable units in proximal sequences and include the most recent 1995-96 
eruptives from the volcano (Tfl9) (Donoghue et al., 1995b). The Tufa Trig tephras 
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identified in the study include some of the larger (more explosive and voluminous) 
eruptions from the volcano (with a volcanic explosivity index, VEl, of 3 or more) with an 
eruption frequency of 50-I 00 years. The Tf members identified in Moanatuatua Reserve 
include a number of historical eruptions, some of which were likely to have been smaller 
than some of the pre-historic eruptions identified (i.e. VEl 2). 
Previous studies suggested that Tufa Trig tephras, as visible units, have a confined 
dispersal pattern principally to the east of the volcano and mostly within 20 km of the vent 
(Donoghue et al., 1997). Few studies have identified the Tufa Trig tephras much beyond 
the proximal zone of the volcano. The most distal sites where some of these tephras have 
been identified (Tf5, 6 and 8) (lakes Tutira and Rotonuiaha) are located in Hawkes Bay ea. 
I 00 km east ofthe Tongariro volcanoes (Eden & Froggatt, 1996; Wilmshurst et al., 1997) 
(Fig. 6.3). The Lake Tutira record consists of cryptic (described as microscopic or very 
thin) and visible andesitic tephras, mostly derived from Tufa Trig members shown by 
continuous shard counts. It is possible to identify a number of similarities with the post-
Taupo tephra record from Moanatuatua Bog (Fig. 6.5). For example, additional glass 
concentrations in the Lake Tutira record, attributed to reworking and storm pulses, may in 
fact represent (primary) cryptotephras when compared with· the Moanatuatua record (e,g. 
Tufa Trig 4, see Fig. 6.6). One difference between the records is the occurrence of an 
andesitic glass peak in the Tutira record attributed to one of the Burrell Formation tephras 
(age ea. 295 cal yr BP; Eden and Froggatt, 1996) from Egmont VC. It is possible that this 
represents the (recognizable) limit of dispersal of the post-Taupo Egmont tephras, none of 
which have been identified in this study. It is also possible that the tephra may have been 
misidentified or represents a reworked unit although this is less likely if identified in two 
cores (Eden & Froggatt, 1996). 
- 325-
w 
I\) 
0'> 
c--"11 CD.,_ 
!:1"010 ~ 3 c:: CD .., 
CD r- CD 
::li»O) 
-~· :::rCDO) 
CD 
c.-i(i) 
_.c::-
::;:=~:~~ CD .., en 
.., I» en 
CD 
::l C" en 
-'< :::r 
.., I» CD m.., 
nc.c. Q CD Cl 
c.::lo 
!11 I»§ 
::l-
c.en 
.,::r 
.., 0 
c83 
cg:!: 
:::o 
I» 
-::l 
.... I» 
co-coc:: O)CII 
--c:: Cl I» 
O;;o 
.., CD CD en 
r-CD 
-i< 
~CD 
-n 
en o 
:::r3 
O"C 
~ I» 
:s·@ 
IQ C. 
"C~ 
o;:;: 
en :::r 
!!?.en 
CT:::r 
-~~~ CD .., 
_c. 
:s· () 
~0 
I» c:: 
IO::l CD.,. 
en en 
Mr2 
10 
·~~·~. 20 
.· · 
~ 30 
............ -il 
-, 
~ 
40 
50 
60 
I 10 
:6 
! 80 
90 
100 
110 
120 
130 
140 
150 
Shard counts from Moanatuaua Reserve, this study 
rllyolltlc (r:INr) 1/Mrds •ndeslt/c (brown) 1/Mrds 
• Ruopohu 1996 
~ Ngauruhoe 1974 
Ruapehu 1861 
, ..... ·-··· ...... . 
• 
-• • .
• I 
• 
-
-
-
-
• 
• 
Tu/a Trig 8 
.. Tufe Tr.is16 
Shard counts from Lake Tutlra, Eden and Frogatt (1996) 
oc~rw 
,e!!~!!!!!!!!~!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!~ ••• T'--·--.--------·-·····-··-
0 20 40 60 800 20 40 60 80 
no. shards p« mg d-INt. 
0 
-::::1" 
Q) 
-o 
ro 
.., 
0'> 
0 Cii. 
() 
c 
(J) 
(J) 
a· 
:::J 
Chapter 6 Discussion 
The identification of Tufa Trig tephras as cryptotephra in this study shows that the 
dispersal ranges of these tephras have been significantly underestimated. The Hawke's Bay 
sites support a strong eastwards dispersal index of the ash from these eruptions as 
identified by proximal to medial exposure of the tephras (Donoghue et al., 1995b) (Fig. 
6.3). 'fhe cryptotephras from this study express northwestwards dispersal (Fig. 6.3~. Only 
much older Ruapehu derived tephras (> ea. I 0 000 years BP) have previously been 
identified in sequences as far north as Auckland (Shane, 2005). As a result of examining 
the cryptotephra records, it is shown that the 'fufa Trig tephras have a much more 
widespread dispersal than previously demonstrated. Variable dispersal patterns can also be 
attributed to the contrasting influence of stratospheric and tropospheric winds on the 
eruption column (Bursik, 1998). Satellite images of the eruption of Mt Ruapehu in 1995-
1995, for example, showed that the direction of the eruption column of the different phases 
of the eruption varied significantly with the wind conditions and the height of the emption 
column (Johnston et al., 2000) resulting in multidirectional deposition of ash (Fig. 6. 7). 
Unlike the caldera volcanoes, the eruptions from the andesitic volcanoes are considerably 
more moderate in size. 'fhe ash plumes from these eruptions are more likely to have been 
influenced by the turbid westerly winds of the troposphere which extend up to about 17-20 
km (varies seasonally) above the Earth's surface at these latitudes (Buck, 1985). This 
explains why there is a strong eastwards dispersal index for the majority of tephras 
(including the Tufa trig members, Fig. 6.3) from New Zealand (e.g. Buck, 1985; Nelson et 
al., 1986; Carter et al., 1995; Donoghue et al., 1995b ). However, observations of the 1995 
arid 1996 events from Mt Ruapehu also showed that the ash plumes of some of the most 
energetic eruption phases of the eruption extending up into the stratospheric winds, which 
exert a stronger southwesterly force. This may explain why the finest ash from the most 
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powerful Tufa Trig eruptions was dispersed in a northeastwards direction from the 
volcanic source. Further work (including more coring sites) would of course be needed to 
qualify this more rigorously. It should also be pointed out that further investigations of 
cryptotephra over a wider region of the North Island may show an even greater variability 
in dispersal patterns than identified in this study and from visible deposits. 
" A 
ISOI)IICh map of the tluee largest 
19G511nd 1996 Ruapehu l8phra falte 
175" ( ' 
Figure 6.7. lsopach map of ash deposits from three of the main ash-fall events from the 1995 
and 1996 Mt Ruapehu eruption. Image from Cronin et al. (1998). Dots show the positions of 
the four sites used in this study. 
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Differentiating between Tufa Trig tephra members 
Tufa Trig tephras were identified using a combination of glass shard characteristics, shard 
counts and single shard analysis. The stratigraphic context of the shard concentrations was 
also used to correlate the different units between the sites (Table 6.2). lufa Trig tephras 
typically comprised orange-brown blocky shards with abundant mineral inclusions, The 
distinct geochemical composition of the shards made it possible to identifY the source 
volcano and differentiate the tephras from older andesitic units. Unfortunately, correlating 
the deposits definitively with individual Tf members was constrained by the fact that there 
are few published compositional analyses for the different Tufa Trig tephras. The majority 
of data used were derived from a detailed investigations of proximal deposits by Donoghue 
et al. (1995b; also see: Donoghue & Neall, 1996; Donoghue et al., 2007). Identification 
and correlation of the tephras were further limited by the fact that there were very few 
published,ages attached to these tephras. 
The compositional analyses of the individual Tufa Trig members from this study and from 
published analyses presented heterogeneous compositions for the different units (Fig. 
6.8a). In most cases there were only very subtle variations between the units identified in 
the proximal sequences and in some cases it was not possible to distinguish between the 
different units (Fig. 6.8a) (Donoghue & Neall, 1996). In this study it was possible to 
recognize a number of compositionally distinct populations by comparing the different 
glass concentrations. In some cases it was also possible to link these with the published 
geochemical analysis when supported by other stratigraphic information relating to the 
thickness of the tephra in proximal sequences. All the prehistoric Tf member tephras 
identified it1 this study were linked to the most .distinct units in the proximal sequences 
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(Donoghue et al. 1995b ). The thickness of the deposit was attributed to the magnitude or 
productivity of the individual eruption events from the volcano which would normally 
support a more widespread dispersal. Tu fa Trig tephras Tfl, 2, 4, 5, 6, 8 and 14 formed the 
thickest deposits in the proximal sequences and thus were assumed to be the most likely 
units to be identified as more widespread tephras. Donoghue et al. (l995b) suggested that 
some of the very thin units identified in the proximal sequences {Tf7, 9, and 15-1·8) may 
represent very small eruption events which were thus less likely to have been transported 
very far from the volcano ring plain. It is possible, however, that the proximal deposits do 
not adequately reflect the potential forwidespread dispersal. 
Figure 6.8b shows the mean ranges of the Tu fa Trig tephras identified in this site alongside 
the analyses of Tufa Trig members identified in proximal deposits (Donoghue & Neall, 
1996). This diagram shows very good correspondence betWeen the two sources, thus 
supporting the initial identification of these units (Fig. 6.8b ). In comparison, analyses from 
this study do show slightly greater heterogeneity for all Tufa Trig members, possibly the 
result of contamination by older Tufa Trig members, because of inherent variability 
(magma mingling and mixing), or because of the possible impact of microlites during glass 
analyses (discussed earlier). In general, most Tufa Trig member tephras identified in this 
study exhibit higher mean Si02 values than published analysis which could relate to 
analytical conditions (Fig. 6.8b; Table 6.3). There is also an apparent trend toward 
decreasing Si02 content for Tufa Trigmembers through time, at least between Tf4 and Tf8 
(Fig. 6.8b). The identification and differentiation betWeen the different member tephras are 
discussed under the headings for the different units below. 
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Figure 6.8 Compositional analyses of prehistoric Tufa Trig (Tf) member tephras. A. 
comparison between the four sites separated into different Tf members. B. Mean and 
standard deviations of compositional analysis of Tufa Trig tephras from Donoghue et al. 
(1997; 2007) identified in proximal sequences (dashed line) and analyses from this study 
(shown by solid line). 
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Table 6.2. Summary of andesitic tephras identified in the four sites including stratigraphic posit ion and interpolated ages. Sites: MR, 
Moanatuatua Reserve; LR, Lake Rotoroa; OB, Opuatia Bog; LP, Lake Pupuke. Ages: *limitations to age model or glass concentration 
poorly defined; **significant limitations to age model or glass concentrations poorly defined. 
Andeslt lc taphras SIU (co,.) Stntluraphlc context Geoc:hemlatry lnte~d age of deposit - Pooled age- cal yr BP Published ages - cal yr Refltrences: 1. ages, 2. major 
Identified And=andesite cal yr BP (calaOO.r data AD) cal data AD, 2 sd.rangt BP (AO) element geochemlstry 
Dacsdacite from age models (mlnua - ages) 
MR (MR2), Coincides with dellne in And -<lac 1000.1260 (AD 95()-690) 
MB, rtlyolitlc glass concentrations 1285-1340 (AD 665-610)* 1221 :1:151 1210 :1: 150 1. Lowe et al. (2000). 
OB, above Taupo Tephra. 910-1040 (AD 1040-910)"" (AD 729:1: 151) (AD 740 t 150) 2. Donoghue &I al. (1997) 
Tufa Trlg Tf4 
LR. Precedes Kaharoa Tephra And -<lac 740-860 (AD 1210-1090)" Minimum age 571-898 
LP (P8_06) (KT) 765-795 (AD 1185-1155) 790:1:51 1. Wllmhurst et al. (2000), (AD 1160:1: 51 ) (AD 1378-1052) 1.2. Oonoghue et al. (1 995) Tf5 
MR(MR2) Mixed with KT And -<lac 620-890(13~1060)-
LR glass/coincides with KT 700-800 (1250-1150)"" Maxlmlum age 535-060 
OB or possibly slightly arter 600-750 (1350-1200)" 635t63 (AD 1415- 1290) 1,2. Oonoghue et al. (1997) 
LP(P8_06) 590-630 (1360-1320) (AD 1315 :t 63) 
Tf6 LP (Puk5) 580-660 (1370-1290}" 
MR ~MR2) Mixed with reworked KT And -<lac 200-440 (1 750-1510) 2. Donoghue et al. (1997) MR MR7) shards 290-330 (1660-1620)" 315:1:99 
Tf8 LR Occurrence post- KT 490-570 (1460-1380) .. (AD 1635 t 99) 
MR (MR2) Mixed with Kaharoa Tephra And -<lac 160-300 (1790-1650) 238 t62 2. Donoghue et al. (1997) 
Tf1 4 LP(P8 06) shards 220-275(17~1675) (AD 1667 :1: 62) 
Ruapehu 1861 (Tf?) MR(MR2) And <lac AD 1861 , February 
And<lec 1. Gregg (1960); 2. Donoghue 
Ruapehu 1945 (Tf?) MR (MR2) AD 1945 et al. (1996) 
And ~e constrained by two historica 1.Nelson. (1975); Nairn and Self 
charcoal layers (1978); 2. Nelson (1975), 
Ngauruhoe 1974 MR(MR2) AD 1974, 19th February Oonoghue (1995) 
Ruapehu 1996 (Tf19) MR(MR2) Just below surface And -<lac AD1996, June 17-181h 2. Donoghue et al. (1997) 
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Table 6.3 Summary compositional analyses of Tufa Trig member tephras (normalised to 100% loss free and averaged) Analysis in 
bold combined from the sites used in this study, where identified, compared with correlative Tufa Trig tephra members (in 
normal font) identified in proximal deposits from Donoghue et al. (1997 and/or 2007). t Total Fe expressed as FeO. *Cl analysed 
instead. 
Tephra SIC, AI,O, Ti02 Fe01 M nO M gO CaO Na20 1<20 P,O, H,O n 
Tf4 67.88 (1.73) 13.90 (1.08) 1.01 (1.16) 5.11 (0.85) 0.08 (0.05) 1.09 (0.31) 3.72 (0.83) 3 .81 (0.30) 3 .00 (0.60) 0.24 (0.05) 1.37 (0.74) 42 
""'-.... {2007) 67.24 (0.90) 14.38 (0.53) 1.16 (0.08} 4.77 (0.60) 0.19 (0.11) 1.44 {0.60) 3 .70 (0.47} 2.77 (0.44) 3 .29 (0.51) • 0.67 (0.47) 10 
Tf5 65.83 (1.72) 14.12 (1.68) 1.07 (0.13} 5.81 (1 .44) 0.08 (0.07) 1.96 (1 .64) 4.25 (0.82) 3.64 (0.36) 3.01 (0.47) 0.23 (0.05) 1.16 {1.01) 16 
OOnognuo .... {2001) 65.78 (0.60) 14.36 (0.45) 1.27 (0.14) 5.57 (0.31) 0.17 (0.08) 1.52 (0.31 ) 4 .19 (0.42) 3.08 (0.36} 2.80 (0.35) * 0.29 (0.53) 16 
~-11(11197) 64.49 ( 1.02) 15.20 (0.73} 1.03 (0.13) 5.85 (0.40} 0.14 (0.03) 1.82 (0.44) 4 .98 (0.50) 3.79 (0.41) 2 .66 (0.38) * 1.00 (0.91) 12 
Tf6 64.81 (1.52) 14.84 (0.83) 1.08 (0.14) 5.95 (0.99) 0.09 (0.05) 1.66 (0.55) 4.82 (0.67) 4.63 (0.33) 1.87 (0.48) 0 .24 (0.04) 1.81 (0.65) 41 
~-01{2007) 64.30 (0.97) 14.66 (0.50) 1.22 (0.07) 6.01 (0.29) 0.21 {0.13) 1.77 (0.29) 4 .36 (0.36) 3 .13 (0.49) 2.98 (0 .48) .. 0.76 (0.58) 16 w 
w 
w Tf8 63.43 (1.17) 14.47 (0.57) 1.14 (0.09) 6.37 (0.83) 0.11 {0.08) 2.05 (0.57) 4.82 (0.45) 3.93 (0.29) 2.70 (0.32) 0.24 (0.03) 1.21 (0.62) 17 
Oanogt ... ..... ( 191>7) 63.74 (0.74) 14.87 (0.37) 1.08 (0 .07) 6.33 (0.33) 0 .19 (·) 2.30 (0.34) 5.08 (0 .42} 3 .85 (0.24) 2 .66 (0.38) * 0.74 (0.47) 12 
Tf14 64.28 (1 .05) 14.39 (0.59) 1.12 (0.1 0) 6.59 (0 .59) 0.09 (0.06) 1.91 (0.35) 4.72 (0.44) 3.91 (0.24) 2.77 (0.30) 0.23 (0.04) 0.94 (0.72) 52 
Donognuo et ll (2007) 64.06 (0.79) 15.18 (0 .41} 1.03 (0.22} 5.67 (0.52) 0 .17 (0.05) 2.02 (0.32} 4.08 (0.48) 3 .94 (0.39) 2 .60 (0.78) * 1.14 (1 .00} 11 
-IUOOIII (1997) 63.63 (0.29) 14.87 (0.19) 1.08 (0.08) 6.59 (0.19) 0.28 (- ) 2.21 (0.11) 5 .04 (0.19) 3 .81 (0.18) 2 .70 (0.22) • 1.11 (0.61) 14 
Tf19 65.34 (1.03) 14.1 2 (0.59) 1.12 (0.08) 6.25 (0.42) 0.10 (0.07) 1.68 (0.44) 4.33 (0.44) 4.08 (0.49) 2 .75 (0.64) 0.23 (0.03) 1.49 (0.55) 13 
~ .... (2007) 62.37 (1 .11) 15.73 (1 .07) 1.01 (0.12) 5.31 (0.50) 0.23 (0.10) 2.42 (0.69) 5 .69 (0.79) 3 .73 (0.23) 2 .34 (0.29) • 2.35 (1.16) 17 
Oonoghue M a (1 W 7) 61 .98 (1 .12) 16.04 (1 .05) 0.99 (0.09) 6.19 (0.52) 0 .25 (0.10) 2.43 (0.31) 5.99 (0.63} 3 .77 (0.21) 2.22 (0.19) 
* 
2.54 (0.54) 8 
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Chapter 6 Discussion 
Ages o.fTufa Trig Members 
Observational records of eruptions from Ruapehu volcano since 1861 have enabled 
accurate age determinations of prominent shard concentrations from historic eruptions 
identified in this study. However, there are few independent ages for the pre-historic Tufa 
Trig tephras available from previous work. In proximal sequences the different units are 
identified on the basis of stratigraphic position and visible characteristics of the deposits 
(Donoghue et al., 1995b ). Radiocarbon dates are associated only with Tu fa Trig member 
Tf5 which in turn provide limiting ages for the bracketing tephras Tf4 and Tf6. The 
relationship of Tufa Trig tephras with well dated post-Taupo eruptions has not been 
established from previous studies. Eden and Froggatt ( 1996) found a tephra layer between 
the Tf5 and Tf6 tephras in Lake Tutira which they identified as the Kaharoa Tephra based 
on the stratigraphic relationship identified in proximal sequences by Donoghue et al. 
(1995b). However, neither study had geochemical analysis to confirm the identification of 
the Kaharoa Tephra. What was thought to be the equivalent interbedded tephra, namely 
Kaharoa, in proximal sequences (e.g. see Price et al., 2000) was later identified as an 
uncorrelated Egmont VC-derived eruptive based on major element analysis undertaken at a 
later date (Prof. David Lowe, pers. comm.) (from sample TG561 obtained in 2000 by E>r 
Barbara Hobden from the Mt Ngauruhoe area: see Price et al., 2000). In this study, the 
identification of the Kaharoa Tephra interbedded with Tufa Trig tephras for the first time 
provides more.definitive evidence for the stratigraphic relationship between these tephras. 
In this study it was possible to establish ages of the different pre-historic Tufa Trig 
members using age models for the different sites to interpolate shard concentrations. Table 
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6.2 shows the range of ages from the different cores, including mean (pooled) ages that use 
the most reliable ages from the different cores - i.e. where glass concentrations are 
relatively well defined or where the age model of the core is considered fairly robust, or 
both. Some cores show a very broad age range for certain Tufa Trig members because of 
the wide spread of the glass concentration in the sediments. Figure 6.9 provides a graphical 
summary of the age ranges from the different sites for the different Tufa Trig members and 
includes published ages (red line) and pooled ages (blue lines; also see Table 6.1 ). The age 
of the Kaharoa Tephra is also shown in relation to the different Tu fa Trig member tephras 
identified in the sites. 
Cal. yr BP 
1600 1400 1200 1000 800 400 200 0 
Tf 4 
Tf 5 
Tf6 
Tf 8 
Tf14 
3>0 5>0 1>0 950 11>0 13>0 1550 1750 1950 
Calender year AD 
Figure 6.9 Age ranges (2sd) of Tufa Trig member tephras (Tf) identified in the four sites used 
In this study. Red lines show published age ranges (for references see Table 6.1). Dark blue 
line indicates mean ages (see Table 6.2). Age of Tf6 is also adjusted to take account of 
stratlgraphic relationship with the Kaharoa Tephra (light blue vertical line). 
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Tufa Trig Tf4, AD 729 ± 151 (1221 ± /51 ea/. yr BP) 
Tufa Trig member Tf4 was identified as a distinct peak in brown glass concentrations 
coinciding with the decline in clear shards above the Taupo Tephra in all sites from the 
Waikato Region. A possible peak in brown shards in the Lake Pupuke cores is tentatively 
linked to this tephra based on interpolated age and stratigraphic position but no 
geochemical analyses were undertaken to support this possible correlation Wig. 6.2). In 
proximal deposits the Tf4 tephra is identified as a relatively thin but distinct deposit that 
stratigraphically overlies the Taupo Tephra (Donoghue et al., 1995b). The Tf4 tephra 
presents a compositionally distinct population from previous (e.g. Tt2; Fig. 6.8) and all 
subsequent Tu fa Trig members shown from this study and published analysis (Fig. 6.1 Oa; 
Table 6.3). A comparison with published compositional analysis shows that there is a 
particularly good correspondence with values for Si02 and FeO which are quite distinct 
from those of other Tufa Trig members (Fig. 6.8; Table 6.3). 
The only published age for this tephra is AD 740 ± 150 (121 0 ± 150 cal. yr BP), derived 
from Siebert and Simkin (2002), although the original source is uncertain. It is possible 
that the age cited represents an interpolation between the Taupo Tephra and the 
radiocarbon date obtained for the Tf5 tephra in proximal deposits (see Tf5 below; Table 
6.2). Nevertheless, the pooled age of this tephra from this study at AD 729 ± 151 ( 1221 ± 
151 cal. yr BP) is compatible with the published age (Table 6.1) despite the variable 
quality of age models for the different sequences. 
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Tufa Trig Tf5AD 1160 ± 51 (790 ±51 ea/. yr BP) 
The Tf5 tephra was only identified as a distinct peak in brown shards in the Lake Pupuke 
cores, stratigraphically underlying the Kaharoa Tephra (Fig. 6.1 ). A few brown shard 
analyses were obtained from levels below the Kaharoa Tephra in the Waikato sites but 
there were insufficient numbers to provide a definitive identification of the tephra in these 
locations. The Tf5 Member tephra is thought to be the most widely dispersed of the Tu fa 
Trig tephras and has been identified as a visible tephra in a number of Hawke's Bay sites 
located -I 00 km east of the volcano (Eden & Froggatt, 1996; Donoghue & Neall, 1996; 
Wilmshurst, 1997; Lowe et al., 2002). In some·ofthese sites the Tf5 tephra (in conjunction 
with pollen analysis) has been used to constrain the onset of human impact in the region in 
the absence of the Kaharoa Tephra (Wilmshurst, 1997). In proximal deposits the Tf5 
tephra forms one of the thickest of the Tu fa Trig deposits (Donoghue et al., 1995b). 
Compositional analyses of the shard concentrations reveal a heterogeneous population 
characterized by high standard deviations for individual elements/oxides (Table 6.3). 
Despite the heterogeneity, the population is compositionally distinct from that of the 
preceding tephra Tf4 (Fig. 6.1 Oa) and shows subtle variations from subsequent Tu fa Trig 
members (Fig. 6A I a). In Figure 6.8b, mean values of the diagnostic elements Si02 and 
FeO for Tf5 fit between values for Tf4 and Tf6 which follows the pattern of decreasing 
Si02 with decreasing age of Tu fa Trig members Tf4-8 shown by published analyses. Other 
elements show fairly good correspondence with published analyses (Table 6.3). A couple 
of outlier analyses that correlate with the earlier Tf4 tephra indicate that contamination 
from older Tf members is a potential problem with subsequent analyses where the 
compositional differences are less distinct. The composition of glass concentrations 
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initially identified as Tf5 from Lake Rotoroa shows a quite distinct population from the 
Tf5 identified in Lake Pupuke. This difference suggests that this tephra may have been 
misidentified in Lake Rotoroa and could represent (a) a younger Tufa Trig tephra, (b) a 
reworked unit, or (c) less likely, an unidentified Tufa Trig member which preceded the 
Kaharoa Tephra. There are, however, several problems associated with the Lake Rotoroa 
cryptotephra record (see section 4.3) and it is difficult to identify this tephra with any 
certainty. As a result the Tf 5 analyses from this site were omitted from Table 6.3. 
The TfS tephra is the only Tu fa Trig member that has been targeted for dating in a previous 
study (Donoghue et al., l995b ). The published ages for this tephra derive from two 
radiocarbon ages from peat samples taken immediately below (830 ± 60 14C yrs BP; 
Wkl489) and above (650 ± 50 14C yrs BP; Wkl488) the Tf5 tephra (Donoghue et al., 
1995b) (Table 6.2). When these dates are calibrated with the current calibration 
programme (Calib 5.0.2; Stuiver & Reimer, 2005) using the Southern Hemisphere 
calibration curve (SHCal04), the 2cr age ranges are as follows: 571-898 cat. yr BP below, 
and 535-660 cat yr BP above. These calibrated dates present a wide potential age range for 
the deposition of the tephra between 535 and 898 cat. yr BP (AD I 052- AD 1415) (Fig. 
6.9). The best age estimates from the cores from this study derive from Lake Pupuke where 
Tf5 tephra forms a distinct and discrete horizon. The interpolated age (2sd range) for the 
tephra from this core is 790 ± 51 cat. yr BP (AE> I 160 ± 51) which does fit within the 
known age range for this tephra and possibly provides a more precise age for the tephra 
(Figure 6.9; Table 6.2). The identification of this tephra at the site also provides more 
definitive evidence for its stratigraphic relationship with the Kaharoa Tephra. Providing the 
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age and identification of Tf5 tephra in Lake Pupuke are reliable, the Tf5 tephra would have 
been deposited ea. l 03 to 205 years before the Kaharoa tephra. 
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Figure 6.10 composltlonal analysis of Tufa Trig members. A, Tf4 and Tf5, shown in relation 
to the post-Kaharoa Tephra Tufa Trlg members (in grey). B, Tf5 analysis from the two 
different cores where it has been ident ified. Pup, Lake Pupuke cores; LR, Lake Rotoroa. 
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Tufa Trig Tf6 ea. AD 1314 ± 12 (636 ± 12ca1.yr BP) 
The Tf6 tephra was identified by a quite distinct peak in brown shards in all sites mixed or 
slightly overlapping with the cryptic Kaharoa Tephra shard concentration (Fig. 6.1 ). It is 
difficult to discern from shard concentrations whether the tephra were deposited 
simultaneously or a very short time period apart. The Tf6 tephra is identified as a relatively 
thick and distinct deposit in proximal sequences (Donoghue et al., 1995b). The tephra has 
been identified in a number of medially positioned sites in sequence together with Tf5 
tephra (e.g. Eden & Froggatt, 1996). 
The geochemical composition of the Tf6 samples shows one of the most heterogeneous 
populations of the Tufa Trig member tephras characterized by high standard deviations for 
individual oxides (Fig. 6.lla; Table 6.3). Plotted using diagnostic oxides Si02 and FeO, 
the Tf6 tephra forms a distinct compositional population from earlier member TfS and later 
member Tf8 (Fig. 6.11 a). Separation of the analyses from the different sites reveals that the 
tephra is inherently heterogeneous and does not show any distinct variability between the 
different sites (Fig. 6.11 b). Compositional analyses show good correspondence with 
published analyses for the Tf6 tephra particularly with diagnostic oxides Si02 and FeO 
(Table 6.3; Fig. 6.8b). 
The maximum age of the Tf6 tephra in published records is 535-660 cal yr BP (AD 1290 
to AD 1415) provided from the radiocarbon age obtained from peat taken above the Tf5 
tephra in a proximal sequence (see TfS above) (Donoghue et al., 1995b ). In this study it 
was difficult to define the exact position of the tephra in all the sites. In Moanatuatua 
Reserve, for example, the tephra formed a similar spread in shards as the Kaharoa Tephra 
hence the wide age range estimate at this site. However, in the rest of the sites this tephra is 
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found more tightly coincident with the well dated Kaharoa Tephra which means that it is 
possible to constrain the age of the tephra to ea. 636 ± 12 cal. yr BP (AD 1314 ± 12) (Hogg 
et al., 2003). 
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Figure 6.11 compositional analyses of Tufa Trig members. A, Tf5, Tf6 and Tf8. B, Tf6 
analysis from three cores. MR, Moanatuatua Reserve; Pup, Lake Pupuke cores; LR, Lake 
Rotoroa. 
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Tufa Trig Tj8 ea. AD I 635 ± 99 (3 I 5 ± 99eal.yr BP) 
The Tf8 tephra was identified in Moanatuatua Reserve and Lake Rotoroa from elevated 
brown shard concentrations overlying the Kaharoa Tephra in the sediment sequences (Fig. 
6.1 ). A peak in brown shards in Opuatia Bog could be attributed to the Tf8 tephra but there 
are only few analyses from this site. Tf8 tephra was not identified in Lake Pupuke but it is 
possible that the tephra could be masked by shards from the local Rangitoto Tephra. The 
Tf8 tephra is found as one of the thickest deposits of Tufa Trig tephras in proximal 
sequences and as a result is likely to have been widely dispersed (Donoghue et al., \995b). 
The compositions of the Tf8 tephra from the two sites reveal a relatively homogenous and 
distinct population compared with preceding Tu fa Trig tephras (Fig. 6.11 a) and subsequent 
Tf\4 tephra (Fig. 6.12). The analyses for this tephra show very good correspondence with 
published values for the Tf8 tephra, particularly with the most diagnostic oxides for the 
Tufa Trig tephras, Si02 and FeO (Table 6.3; Fig. 6.8b). The approximate age given to the 
Tf8 tephra in Donoghue et al. ( \995b) was ea. 600 cal years BP (ea. AD 1350) based on its 
stratigraphic position relative to the radiocarbon ages for Tf5 and Tf6 tephras (Table 6.2). 
However, the pooled interpolated ages ofTf8 tephra from the sites used in this study places 
the age of deposition at 315 ± 99 cal yr BP (AD \635 ± 99) which is much younger than 
the previous estimated age (Fig. 6.9). However, there are problems with this interpolated 
age mainly because the shard concentrations representing this tephra are poorly defined in 
the sites (see section 6.4). In both sites the Tf8 tephra is preserved within a relatively 
disturbed zone of the cores which coincides with the early Polynesian era and so the exact 
(true) isochron of the tephra may be incorrectly identified (Fig. 6.1 ). The well constrained 
ages of the bracketing tephras Tf6 (AD \3\4 ± 12) and Tf\4 (AD \667 ± 62; see below) 
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do, however, provide a Limiting age range for the deposition of this tephra. In this time 
interval, the Tf8 eruption could have occurred shortly before, during or shortly after the 
deposition of the Rangitoto Tephra (dated in this study to AD 1424-1499) which could 
explain why the tephra was not identified in the Lake Pupuke cores. In Lake Pupuke 
basaltic shards are persistent in the cores for several centimetres above the visible basaltic 
tephra which could potentially have obscured any low concentration andesitic tephras 
deposited at the site. 
10.0 
9.0 c Tf8 
)( Tf14 
8.0 )( 
-~ 0 
..... 7.0 :: 
-
ea 
..... 6.0 0 
-0 )( )( 
Q.) 
5.0 LL 
4.0 
3.0 
2.0+-~ ~ 
60.0 61.5 63.0 64.5 66.0 67.5 69.0 70.5 72.0 
Si02 (wt. %) 
Figure 6.12 Combined compositional analyses of Tufa Trig members Tf8 and Tf14 from the 
different sites (refer to sections on each tephra). 
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Tufa Trig Tf/4 ea. AD 1667 ± 62 (238 ± 62cal.yr BP) 
The Tfl4 tephra was identified as a discrete and distinct peak in brown shards in 
Moanatuatua Reserve and Lake Pupuke (Fig. 6.1). It is likely that it is also preserved in the 
intervening sites (Lake Rotoroa and Opuatia Bog) but only limited numbers of samples 
were analyzed from these sites. In Lake Pupuke, Tf14 was identified above the Rangitoto 
Tephra and before pollen evidence for the arrival of European settlers. Together with Tf8, 
Tfl4 represents the thickest of the Tufa Trig tephras in proximal deposits as identified by 
Donoghue et al. ( 1995b) and hence was identified as one of the most likely candidates for 
widespread dispersal. As a result, the Tfl4 tephra member was seen as being the most 
likely candidate tephra for the cryptotephra identified in the Waikato and Auckland sites. 
The Tfl4 cryptotephra forms a relatively heterogeneous composition which appears 
distinguishable from that of the preceding Tf8 composition. The composition also appears 
to comprise a bimodal population (Fig. 6, 12) that is also characteristic of subsequent 
historical eruptives (Fig. 6.13 ). Plotted together, the two populations (PI and P2) appear as 
one tight cluster (PI: Si02 = 63.69 ± 0.27 wt%; FeO = 6.69 ± 0.24 wt%) and one more 
widely spread population (P2: Si02 = 64.69 ± 1.14 wt%; FeO = 6.52 ± 0.75 et%) (Fig. 
6.13), possibly representing magma mingling observed in other recent Tongariro VC 
derived tephras (Griffin, 2007) and in some earlier eruptives (Shane et al., 2008a). Mean 
values for Tfl4 tephra and subsequent Tufa Trig tephras also show a change in the trend 
evident for Tf4-8, namely decreasing Si02 through time, which corresponds with the trend 
for analyses by Donoghue et al. ( 1995b) (Fig. 6.8b ). Analyses of Tfl4 and all subsequent 
Tufa Trig tephras identified in this study appear indistinguishable from one another when 
plotted in various element combinations (Fig. 6.13). However, the rest of the analyses for 
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Tfl4 do show fairly good correspondence with the two sets of published values for the 
tephra (Table 6.3; Fig. 6.8b) (Donoghue et al., 1995b; 2007). The variations in the two sets 
of published data from Donoghue et al. ( 1995; 2007; Table 6.3) are not explained but 
potentially reflect changes in analytical precision or analytical conditions, or both. It is also 
possible that the two sets of analyses relate to different populations identified in the cryptic 
tephras, e.g. as for PI and P2 detailed above. 
There are no published ages for the Tfl4 tephra member but it was undoubtedly a fairly 
voluminous eruption in comparison with other post-Taupo andesitic eruptions and is likely 
to have occurred prior to European settlement. Where identified in this study, the Tfl4 
cryptotephra is also separated by several centimetres of sediment from the previous Tu fa 
Trig tephra Tf8 (Fig. 6.1) which could represent a significant time period between these 
two eruptions. The interpolated ages of the Tfl4 tephra from the two sites are in good 
agreement and provide a pooled age of 238 ± 62 cal. yr BP (AD 1667 ± 62) (Table 6.2; 
Fig. 6.9). This age determination does overlap significantly with the interpolated age for 
the Tf8 tephra which was not expected based on the stratigraphic separation of the two 
tephras. The problems with interpolating an age for the Tf8 tephra, detailed above, are 
consequently not resolved. 
Historical emptions, identification and significance 
Four cryptotephras from Moanatuatua Bog were linked to recorded historical eruptions 
from volcanoes ofTongariro VC. lihe preservation quality of cryptotephras in the other 
three sites used in this study were thought to be compromised as.a result of disturbance and 
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reworking, most likely caused by an intensification of human activities in the last two to 
three centuries. This disturbance does not, however, preclude the possibility that tephras 
from these same historical eruptions were deposited at these other three sites, At 
Moanatuatua Bog, all four historical tephras were identified from elevated concentrations 
of brown shards. In all cases these tephras appear as relatively low concentrations of shards 
compared with the peaks of shards from the pre-historic eruptions. lt is possible that the 
higher minerogenic component of samples in this section of the core may have had a 
dilution effect on the concentration, resulting in an apparently lower total concentration of 
shards. Further work would be needed to test and adjust (if necessary) for this effect. 
The identified tephras include three from Mt Ruapehu eruptives and one from Mt 
Ngauruhoe. The Ruapehu tephras belong to Tufa Trig members although it is not possible 
to ascertain from the literature the exact correlative Tufa Trig member name for each of 
these eruptions because they are characterized by stratigraphic position and not numerical 
age (Bonoghue et al., l995b). Only the most recent eruption from 1995-1996 is assigned 
Tfl 9 in the literature and is the latest in the sequence of Tu fa Trig members (Donoghue et 
al., 2007). The most recent Tf members in proximal deposits, Tfl5 to Tfl8, were described 
as very thin, discontinuous deposits close to the soil surface in proximal sequences and 
each member is likely to be a composite of several ash phases (Or Sue Donoghue pers. 
comm., 23 Dec 2008). The description of these historic tephras does, of course, have 
implications for the potential dispersal range of the other thin Tufa Trig members which 
were considered to have resulted in only very localized dispersal. There are at least ten 
other Tufa Trig members identified as thin units in the proximal deposits (Donoghue et al., 
1995b ). lt is therefore possible that one or more of these additional units has the potential 
to be present in one of the sites. 
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The identification of the tephra from the 1975 Ngauruhoe eruption was a significant find in 
this study because it was the only tephra from that source. The 1975 eruption was possibly 
the largest (in terms of volume and dispersal) of the eruptions from this volcano for several 
thousand years (Donoghue et al., 1995b; Hobden et al., 2002), which may help explain 
why additional Ngauruhoe tephras have not been identified in this study. The 1975 event 
was the only historical eruption that was accompanied by an observation of ash fall on 
Moanatuatua Bog at the time (Prof. David Lowe pers. comm.). Interestingly, although the 
original ash fall on the site was visible on the surface of the bog, the consequent shard 
concentration was manifested as a cryptotephra in the peat rather than as a visible layer. lt 
is likely that the brown colour of the shards means that the tephra is easily obscured in the 
organic rich or dark coloured sediments or peat. This potential obscuration has 
implications for interpretation of additional shard concentrations in the sequences which 
are represented by equal or larger concentrations of glass shards. 
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Figure 6.13 Compositional analyses of glass concentrations from historical eruptions 
shown in relation to Tf14 shard analyses. Ru, Ruapehu Volcano; Ng, Ngauruhoe Volcano 
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Analyses from all historical tephras exhibit heterogeneous populations Wig. 6.13). All the 
Ruapehu-derived tephras showed similar compositions to the Tfl4 tephra and are 
inseparable based on compositional analyses alone. As with Tfl4 tephra, it is possible to 
recognize bi- or multi-modal populations in all the historical Ruapehu tephras. More 
analyses of these units would be needed to demonstrate the entire range and if there were 
any differences relating to spatial distribution. There were very limited compositional 
analyses for the historical Ruapehu tephras, apart from the most recent 1995-1996 eruption 
(e.g. Nakagawa et al., 2002; Donoghue et al., 2007). The geochemistry from the 1996 
eruption and the analyses found in this study did not match well and it was concluded that 
perhaps the cryptotephra identified on Moanatuatua Bog represented a separate phase or 
phases of that eruption. There were compositional differences between published analysis 
from the 1995 and 1996 eruption phases and differences in published analysis of the 1996 
eruption depending on the location of the deposits, a reflection of changing magma during 
the course of the eruption (Donoghue et al., 2007; Platz et al., 2007). As a result, the 
identification of the historical tephras was thus mainly achieved by comparing the 
interpolated age of the tephra to the historical records of eruptions. In all cases these were 
linked to the more voluminous or widely dispersed eruptions from the volcano supported 
by observational accounts and records. For example, observations of the 1945 Ruapehu 
emption recorded widespread dispersal over much of the North Island (McSaveney et al., 
2007). 
The compositional analysis of the Ngauruhoe tephra is distinct from all Ruapehu-derived 
tephras identified in this study and it is the only intermediate tephra with a purely andesite 
chemistry (Fig. 6.13). Because previous compositional analyses of this tephra were limited 
to mainly X-ray fluorescence, it was not possible to correlate directly the tephra with 
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proximal deposits using geochemistry although it was possible to use these to identify 
certain characteristics of the tephra- e.g. high FeO and low Si02 compared with assays of 
Tufa Trig members. In addition to the unique composition, the age model of the core, the 
occurrence of historical charcoal layers, the recorded history of the tephra fall as well as 
the depth of the tephra in the core, all helped to definitively identify this tephra at the site. 
6.3.3 Basaltic tephrostratigraphy 
In addition to the rhyolitic and andesitic-dacitic tephras at Lake Pupuke, basaltic tephra-
derived glass shards were also identified. The basaltic Rangitoto Tephra, locally an 
archaeologically significant marker, represents by far the largest (58% of total volume of 
the field) and most recent eruption of the Auckland Volcanic Field. l'he eruption resulted 
in a distinct visible tephra being deposited at the site, recognized in previous studies 
(Horrocks et al., 2005; Augustinus et al., 2006; Augustinus et al., 2008). Basaltic shards 
were also present as cryptotephra associated with the Rangitoto Tephra. Concentrations of 
basaltic glass from reworked older basaltic units were also identified in the site, some most 
likely derived from the margins of the maar crater. 
In this study, the analysis and identification of cryptotephras provided an opportunity to 
determine the date or timing of the Rangitoto eruption which has been a matter of ongoing 
debate. Most recently, age modelling has been complicated by evidence from a core taken 
on adjacent Motutapu Island which suggests that the volcano was the product of two 
eruption events separated by some time (Nichol, 1992; Cassidy et al., 1999; Horrocks et 
al., 2005; Needham et al., 2008). On Motutapu Island, Needham et al. (2008) reported a 
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-I 0-100 cm thick deposit of alkalic basaltic scoria and ash, overlain by 30-50 cm of non-
volcanogenic sediment (possibly representing several decades?), and in turn overlain by a 
much thinner ( <5 cm) tholeitic basaltic tephra. Previously, Horrocks et al. (2005) had 
found two thin (I and 2 mm thick) coarse basaltic ash layers only about I cm apart in a 
core from Lake Pupuke. These were interpreted as separate (but presumably closely 
spaced) eruptive episodes tapping a changed magma composition during the evolution of 
Rangitoto volcano because the upper layer was higher in Si02• An alternative suggestion, 
less favoured because of the fresh character of the ash grains, was that the upper layer was 
reworked detritus from the Pupuke crater rim (Horrocks et al., 2005). In this study, the 
identification of different compositional groups of basaltic glass in the cryptotephra 
component adjacent to Rangitoto (9 cm above) is tentatively linked to a possible separate 
phase or eruption as identified by Needham et al. (2008) and Horrocks et al. (2005) but 
would require much more detailed work to verify this. 
Turning to the timing of the main Rangitoto eruption, assuming this to be expressed as the 
visible layer in the Lake Pupuke cores, the occurrence of the Kaharoa Tephra and the 
Rangitoto Tephra in the same stratigraphic sequence represents the first record of these two 
archaeologically important tephras together. This unequivocal juxtaposition facilitates an 
independent check on previous estimates for the age of the Rangitoto Tephra, based on the 
established precise age of the Kaharoa Tephra. The age of the (main) Rangitoto eruption 
estimated in this way is 564-459 cal. yr BP (AD 1386-1491) based on the 2cr-age models 
from two cores from Lake Pupuke. This age range aligns well with previous age estimates 
of 526-451-cal. yr BP (AD 1424-1499) (recalibrated from Nichol, 1992) and estimates 
using other data including obsidian hydration dating, thermoluminescence and 
paleomagnetism (Lowe et al., 2000). 
- 350-
Chapter 6 Discussion 
6.3.4 Summary 
The detection and analysis of cryptotephra in the post-Taupo sediments provides an 
enhanced tephrostratigraphic record for the sites investigated and offers considerable 
insights into the eruption history and dispersion of tephra in the region. In addition to the 
visible Taupo Tephra at the sites, the Kaharoa Tephra and nine andesitic tephras from Mts 
Ruapehu (8 tephras) and Ngauruhoe (I tephra) from the Tongariro VC are preserved as 
cryptotephra, many of which have been recognised in more than one site. The 
identification of the Kaharoa Tephra in the sediments at all sites provides an extension to 
this valuable stratigraphic marker to new sites. Because this critical marker tephra is also 
recorded for the first time in direct stratigraphic association both with Tufa Trig tephras 
and with the Rangitoto Tephra, it provides an opportunity to establish definitively the 
stratigraphic relationship between these tephras as well as to date these stratigraphically 
important but until now poorly dated tephras. The identification of at least eight 
cryptotephras from the Mt Ruapehu volcano, in addition to the unexpected absence of 
Egmont tephras, has significant implications for future hazard assessment for the Waikato 
and Auckland regions. The examination of the visible and cryptotephra components of the 
Rangitoto Tephra in the Lake Pupuke site also provided additional evidence for ongoing 
investigations of this archaeologically important tephra and, critically for volcanology, the 
possible two-stage development of Rangitoto Island. The variability in the cryptotephra 
records for the different sites was attributed primarily to the varying quality of the 
sediments in each site which were the result of site specific factors and wider scale 
environmental conditions. The following section deals with these particular issues. 
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6.4 Site and environmental factors in the preservation and detection of 
cryptotephra 
As described above, at least ten post-Taupo tephra fall events have been identified from the 
different sites used in this study, but only four cryptotephras (i.e. the Kaharoa Tephra and 
three Tufa Trig members) have been identified in all four sites (Fig. 6.2). Although 
volcanological and meteorological conditions are critically important factors in the spatial 
and temporal patterns of tephra fall, it is recognised in this study, and in a number of 
previous tephra studies (e.g. Boygle, 1999; Wastegard et al., 2000a; Enache & Cumming, 
2006; de Fontaine et al., 2007; S.M. Davies et al., 2007), that discontinuities in tephra 
records are also strongly linked to the variable nature of site and environmental conditions 
at the time of deposition. In this study it has been found that these conditions strongly 
control the preservation potential of primary fall tephras. lt is therefore possible that 
additional cryptotephras in the sites were simply not recognised, because the shards were 
poorly preserved or concealed by reworked shards. In the following section, site-specific 
and environmental factors are discussed in the context of preservation and identification of 
cryptotephra. 
6.4.1 Site Factors 
Preservation of primary fall cryptotephra is variable in the four sites and this presented 
obstacles for tephra identification and for defining accurately the stratigraphic levels in the 
sediment sequence that mark the primary ash-fall event. Several sedimentary and 
taphonomic processes were recognized as key determinants for the preservation quality of 
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cryptotephras (Table 6.4). Sedimentary processes and the geomorphological setting of the 
peat and lake sites controlled how discretely the tephra layers were preserved and the 
contributions of reworked shards and minerogenic (non-volcanic ash) particles to the sites. 
Taphonomic processes, such as bioturbation, can cause post-depositional remobilisation of 
shards. 
It is possible that in some very acidic peats low-silica glass shards (e.g. andesitic tephras) 
may have been lost due to dissolution (e.g. Hodder et al. , 1991). It is important to 
acknowledge that it is also possible that some shard loss occurred as a result of sample 
processing. Samples with a large component of minerogenic material required intensive 
chemical treatment and repeated sieving. Listed below are the main factors identified as 
beneficial or detrimental for the preservation of cryptotephra in peat and lake sites in this 
study. 
Table 6.4 Summary of site-specific factors affecting cryptotephra preservation 
Sites DeposiUonal Air fall Slope Flood Catchment BloturbaUon Sediment 
environment tephras wash In wash reworking focusing 
by wind 
Moanatuatua Bog Raised restJad ~ - - ~ ? -~ bog in open plam 
'iii 
1ii ~ ~ ~ Ql Opuatla Bog Valley restiad ? -a. -bog 
~ Lake Rotoroa Enclosed. shallow ~ ~ - ~ ~ lake (< 6 m deep) -·u; 
Ql 
.>f. 
I'll 
.J ~ ~ ~ ~ Lake Pupuke Deep maer /eke - -~50 m deep) 
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Peat sites 
Peat bogs are considered to be effective sediment archives for the preservation and 
detection of fine tephra falls (e.g. van den Bogaard et al., 2002; Kilian et al., 2003; Payne 
& Blackford, 2004; Gehrels et al., 2006; Hang et al., 2006; Gehrels et al., 2008) except in 
special circumstances (e.g. Hodder et al., 1991 ). The vegetation and moisture of peat-
accumulating environments are effective traps for fall-out tephras and, unlike in lakes, 
glass shards are, in theory, affected by minimal post-depositional remobilisation. The 
raised surface of ombrogenous bogs, such as those in this study, are isolated from overland 
flow and inwash and this limits the inputs of non-aeolian minerogenic sediments. The 
compositional contrast between the peat and the shards allow for easy extraction and 
identification of cryptic tephra. 
The analysis of glass shard content from Moanatuatua Bog resulted in the greatest number 
of cryptotephras identified of all the sites examined. While the site was the closest of the 
four to active volcanic sources, a combination of favorable site conditions also meant that 
it was possible to detect and identify cryptotephras in the sediment sequences with relative 
ease. The raised surface of the bog and location of the site in an open plain, away from hill 
slopes, resulted in minimal contributions of reworked shards and minerogenic inputs to the 
highly organic peat. As a result, cryptotephra content of the different cores from the site 
showed good replication and an even distribution of ash fall over the site. As suggested in 
section 6.1, replication in cryptotephra records is an effective way of distinguishing 
between primary fall and secondary deposited tephras from the shard counts. 
It was observed, however, that in Moanatuatua Bog cryptotephra layers were not always 
preserved as discrete horizons in the peat but were also found as attenuated zones of 
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shards. In some cases the shards of cryptotephra with a consistent geochemical signature 
appeared to be spread over several centimetres in the peat. Single or multiple peaks in 
shard concentrations were found with tails above and below the levels of maximum 
concentrations (see Fig. 6.2). This attenuated pattern of shards in crypto- and visible-tephra 
horizons has been observed in cores from other sites and has been attributed to a 
combination of sedimentary and taphonomic processes (e.g. Hogg, 1979; Zoltai, 1989; 
Ranner et al., 2005; Gehrels et al., 2006; Hang et al., 2006; Payne et al., 2008; Matthews, 
2008). 
Shard attenuation poses two main problems for cryptotephra studies. Firstly, it may be 
difficult to identify the primary fall layer or isochron of the cryptotephra, which can limit 
the potential of the tephra to provide an accurate and precise age marker. Secondly, 
because of the relatively slow accumulation rates of peat it may not be possible to 
distinguish between closely spaced tephra depositional events. In Moanatuatua Bog, the 
Tufa Trig tephras 5-8 and the Kaharoa Tephra (see Fig. 6.2) formed a complex pattern of 
overlapping shard concentrations and it was difficult to distinguish between the individual 
tephras based on the shard counts alone. 
Conventionally, cryptotephra investigators in peat sites have placed the original 
stratigraphic position of the tephra at the maximum concentration of shards in the peat ( e,g. 
Zoltai, 1989; Payne & Blackford, 2004; Ranner et al., 2005; Hang et al., 2006). In doing so 
these authors assumed that lower concentrations upwards and downwards in the peat 
resulted from secondary deposition and bioturbation (e.g. Payne & Blackford, 2005). 
Evidence from this study and from unpublished experimental work sheds new light on 
these interpretations. 
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In Moanatuatua Bog, glass shards of the Kaharoa Tephra were found throughout a -20 cm 
core section. The primary ash-fall horizon was identified by predicting the stratigraphic 
position of the well-dated tephra using an independent age model (see section 4.2.6). The 
age model placed the primary fall layer at the first distinguishable occurrence of the tephra, 
and not at the highest peak in shards. Assuming the age model is correct, this positioning 
indicates that downward movement of the glass from Kaharoa Tephra in the peat was not 
significant, a finding that is supported by recent experimental work ~Payne & Gehrels in 
prep.). A possible explanation is that the primary ash-fall deposits on the bog would have 
been relatively thin. Subsequent transport (by wind) of tephra to the bog from exposures 
adjacent to the site would have been persistent for a considerable time so that secondary 
deposits of the tephra appear in significant concentrations higher in the peat column. Only 
when the 'source' of the secondary tephra starts to become exhausted do shard 
concentrations decline- hence the attenuated pattern up through the peat. 
Secondary remobilisation and re-deposition of glass shards from exposures or surfaces 
immediately adjacent to the site may not explain the attenuation of cryptotephra shards in 
all cases. A number of alternative mechanisms were identified in a previous cryptotephra 
study of restiad peat bogs (Gehrels et al., 2006). These included the redistribution of tephra 
on the surface of the bog itself (from hummock to hollow) as a result of localised ponding 
of rainwater or vertical reworking as a result of bioturbation from plant roots and insect 
activity. Worms and beetles are abundant in the peats of restiad bogs (Dr Beverley 
Clarkson, pers. comm, 2007). However, bioturbation would work shards downward into 
the profile and in the case of the Kaharoa Tephra this mechanism can therefore be 
discounted. 
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The identification of primary fall cryptotephras in Opuatia Bog, also a raised restiad 
peatland but much smaller in area than Moanatuatua, was problematic for other reasons 
than those identified in Moanatuatua Bog. The complex pattern of cryptotephra contained 
significant contributions from reworked tephras which are likely to have masked many 
additional primary fall tephras. lt is very likely that the source of this reworked material 
came from the valley slopes adjacent to the bog (see section 4.4.1) and was transported to 
the surface of the bog by overland flow or aeolian processes. The impact of periodic flood 
events from the nearby Waikato River proved to be a significant obstacle for cryptotephra 
analyses at Opuatia Bog. The floods are recorded by numerous silt-rich layers in the peat 
sequence, and by historical observations. In these sections of the core, the peat samples 
required additional physical and chemical treatment to extract the shards, which was not 
only very time consuming but also may have resulted in some shard loss. Problems in 
establishing a reliable radiocarbon chronology in parts of the Opuatia Bog sequence may 
also be the result of the delivery of allochthonous organic material to the site during flood 
events. These results highlight the importance ofgeomorphological setting in the selection 
of suitable sites for cryptotephra investigations. 
Lake sites 
Lakes are recognized as efficient archives of low concentration tephras (e.g. Ranner et al., 
2005; de Fontaine et al., 2007) and, as with peat bogs, represent an almost continuous 
accumulation of sediments. The maar lakes in Auckland contain long sedimentary 
sequences that span several glacial-interglacial cycles (Pepper et al., 2004; Shane, 2005; 
Molloy & Shane, 2007). It is acknowledged, however, that lakes potentially present more 
- 357-
Chapter 6 Discussion 
problems for cryptic and visible tephra preservation than peat bogs (S.M. Davies et al., 
2007). Slumping, turbidity (wind- generated mixing) and bioturbation are processes which 
can affect the preservation of cryptic or visible tephra within a lake (Thompson et al., 
1986; Boygle, 1999; Wastegard et al., 2000a; Beierle & Bond, 2002; Enache & Cumming, 
2006; de Fontaine et al., 2007; S.M. Davies et al., 2007). The reworking and re-deposition 
of shards from the surrounding catchment can result in significant complications for the 
interpretation and application of tephra records in lakes (Wastegard et al., 2000a; S.M. 
Davies et al., 2007). On the other hand, concentrations of tephra can also be enhanced due 
to the characteristic bathymetry ofmaar lakes (e.g. Fig. 5.1) and the transport of the shards 
along the steeply sloping lake bed to the deepest part of the basin ('sediment focusing'). 
The cryptotephra content of the two contrasting lake sites used in this study highlighted the 
key roles of sedimentation processes, accumulation rates, lake morphology and catchment 
conditions for effective preservation and identification of cryptotephra concentrations in 
lake sediments. 
In Lake Rotoroa, a small, shallow basin lake, it was possible to identify four cryptotephra. 
The enclosed nature of the lake meant that there were very low inputs of minerogenic 
material into the lake resulting in very slow accumulation rates of organic rich sediments. 
As a result, cryptotephra were identified as fairly distinct peaks. Extraction of the tephra 
content from the highly organic sediments was also achieved with relative ease reducing 
the possibility of shard loss. The four tephras identified in the site, however, represent only 
half the number identified in Moanatuatua Bog which is located less than 20 km away. 
Problems with identifying additional cryptotephra in Lake Rotoroa can be attributed to 
three main site-specific factors, First, accumulation of the lake sediments was very slow 
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(-0.17 mm yr' 1) and as a result, even with sampling at very high resolution (0.5 cm) it may 
have not been possible to distinguish between some closely spaced depositional .events 
(e.g. Tufa Trig members 6 to 8). Second, significant contributions of reworked tephra 
shards were found which are likely to have masked or obscured the occurrence of 
additional primary fall tephras. As at Opuatia Bog, reworked tephra also proved 
problematic for the geochemical analyses of the tephras. Shards were likely derived from 
exposures towards the edge of the lake where older tephra deposits are sometimes 
exhumed by wave and wind action (Plate 6.1 ). Although the catchment of Lake Rotoroa is 
relatively small ( 138 ha), it is possible that reworked tephra is washed into the lake by 
overland flow from surrounding hill slopes (slope wash). Third, sediment focusing played 
a possible role in reworking tephra shards from shallow to deeper parts of the lake (see 
Blais & Kalft~ 1995). Although the lake is shallow (2-6 metres), there were still quite 
significant variations in the tephra content between the different cores analyzed from the 
lake. The lack of strong replicability in the cores meant it was difficult, in some cases, to 
differentiate between primary tephra fall and reworked deposits. 
In Lake Pupuke, four post-Taupo cryptotephra were identified from peaks in shards that 
were easily distinguishable from a low background concentration of reworked glass shards. 
This lake is a closed basin, like Lake Rotoroa, with a small, steep-sided catchment. The 
steep bathymetry results in sediment focusing into the deepest parts of the lake where high 
sedimentation rates make it possible to resolve closely spaced tephra depositional events. 
This large and deep lake presents several other advantages for tephra preservation (also see 
de Fontaine et al., 2007). The bottom sediments are unlikely to have been affected by wind 
driven currents that might lead to sediment mixing. At depth, reduced oxygen in bottom 
waters produces minimal activity of bioturbating benthic organisms. Large, deepwater 
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lakes form a stratified water column with favorable conditions for diatom production and 
the formation of laminated sediments (Sancetta, 1996). Although there are laminations in 
some sedjrnents from Lake Pupuke, it has not been established if they are annual (see 
chapter 5). Annually deposited laminae are particularly beneficial for dating tephra layers 
(Turney & Lowe, 200 I). The laminations also provide evidence of the stratigraphic 
integrity of the sediments and tephras. The chemical extraction of tephra shards from 
calcareous rich sediments is normally relatively straightforward (Rose et al. , 1996). Good 
replicability was achieved between the two cores from Lake Pupuke for primary fall 
tephras. However, in one core there were pulses of reworked shards not evident in the 
other core, possibly indicating localized reworking or slumping of the sediments along the 
steeply sloping lake bed. 
Plate 6.1. Pale yellowish -8.0 cal ka Mamaku Ash, exposed and hence potentially actively 
reworked at the peaty edge of Lake Maratoto, North Island. Dinghy paddle for scale. The 
lake is near both Lake Rotoroa and the Moanatuatua Reserve sites (see Green and Lowe, 
1985). Photograph by Prof. David Lowe. 
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Summaty 
Peat bogs and lakes offer variable attributes for the preservation and identification of 
primary fall cryptotephra. Peat bogs are effective traps of fine tephra and the identification 
of the cryptotephra is straightforward due to the distinct compositional contrasts and 
relatively fast rates of peat accumulation. The attenuated pattern of cryptotephra in peat 
can be problematic for establishing the precise stratigraphic position of the primary fall 
layer and for resolving between closely spaced ash-fall events. Evidence from this study 
suggests that the first discernable occurrence of the tephra, rather than the level· with 
maximum concentration, is most likely representative of the primary fall layer and thus. the 
mappable and datable isochron. Reworking of allochthonous shards into a bog can result in 
a vertical spread of shards above the primary fall layer. In selecting peat bogs for 
cryptotephra Studies it is important to consider the geomorphological setting of the site and 
the possibility of inputs of windblown or fluvial sediments, or both. 
Preservation of cryptotephra in lakes can vary significantly depending on the bathymetric 
and catchment conditions. 'fhe two lakes used in this study are closed basins with small 
catchment areas. They contain homogenous sediments with inputs of reworked shards and 
minerogenic material which can hinder the identification of cryptotephra. Deep lakes 
contain better cryptotephra archives than shallow lakes due to the focusing of tephra and 
reduced potential' for disturbance and 'bioturbation. Finely laminated sediments in deep 
lakes preserve discrete peaks in shards that are easy to identify and they resolve closely 
spaced depositional events. Nonetheless, steep catchments deliver allochthonous shards 
and minerogenic sediments to both shallow and deep lakes, which dilute the primary 
cryptotephra. 
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This study has also indicated that anthropogenic activity in the catchment can result in 
further complications of tephra taphonomic processes, as discussed in the subsequent 
section. 
6.4.2 Environmental factors 
This investigation has recognized four distinct temporal patterns in .the sedimentary and 
cryptotephra records, consistent between all sites, suggesting that they could be linked to 
environmental changes operating at the regional scale (Fig. 6.2). Similar phases of 
environmental change, resulting from significant natural and anthropogenic events, have 
been reported previously from this region and elsewhere in New Zealand (e.g. Wilmshurst 
et al., 1997; Wilmshurst, 1997; McGlone & Wilmshurst, 1999; Newnham et al., 1999b; 
Lowe et al., 2000; Gomez et al., 2007). Gomez et al. (2007), for example, separated the 
sedimentation record of the last 2 (cat) ka into four main phases: (I) Pre-Polynesian, (11) 
Maori, (Ill) European, and (IV) deforestation. rhe cryptotephra records of this study 
correspond well to this subdivision but also indicate a period of environmental disturbance 
following the Taupo eruption as an additional and significant phase (Fig. 6.2). As well, the 
deforestation record of Gomez et al. (2007) is combined with the European arrival (phase 
IV) in this study. This subdivision of the last ea 2 (cat) ka based on cryptotephra records is 
explained in the following sections with reference to key correlative tephras and additional 
chronological information. 
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Post-Taupo eruption disturbance (phase I) 
Earlier work on cryptotephra from the study area (Ballinger, 2003; Gehrels et al., 2006) 
reported cryptotephra persisting in stratigraphic sequence above the visible Taupo Tephra 
layer in very high concentrations. A variable but typically progressively attenuating pattern 
suggests that the Taupo Tephra depositional event was followed by a sustained period of 
reworking. A similar pattern was observed in all the sequences reported here, consistently 
following the emplacement of Taupo Tephra and also on occasions postdating other tephra 
layers. This investigation therefore included opportunity to provide further insight into this 
phenomenon, referred to as cryptotephra attenuation (Gehrels et al., 2006). 
The vertical spread in shards shown by the cryptic Kaharoa Tephra at Moanatuatua Bog 
and by the visible Rangitoto Tephra at Lake Pupuke accompanied the sustained 
disturbance activities (deforestation by burning) of early Polynesian settlers (McGione & 
Wilmshurst, 1999; Augustinus et al., 2006) as discussed later in this section (see phase 111 
below). In contrast, anthropogenic disturbance cannot be invoked as a tactor contributing 
to the post-Taupo Tephra attenuation because the land was not inhabited until much later. 
EMPA results showed that the attenuated cryptotephra derives not just from the visible 
Taupo layers, which at the sites investigated here are not prominent (typically <I cm 
thick), but from older tephra sources as well. Also, age models suggest that the time 
inter:val between the visible tephra layer and the end of the cryptotephra attenuation may be 
in the order of ea. 300-500 years. Similar studies of the vertical range of tephras (and 
cryptotephra) have shown that under certain environmental conditions, taphonomic and 
sedimentary processes can result in the remobilization and re-deposition of components of 
tephra deposits (mainly glass) for very long periods (Thompson et al., 1986; S.M. Davies 
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et al., 2007; Matthews, 2008). In addition to this study and earlier work by the author 
(Gehrels et al., 2006), the post-Taupo attenuation of shards is recognised in a number of 
spatially disparate sites (Eden & Froggatt, 1996; Wilmshurst et al., 1999; Gomez et al., 
2007). Collectively this evidence indicates that a lengthy period of environmental 
instability with widespread impacts followed the ea. AD 233 Taupo eruption. 
The most likely cause of this environmental instability is the impact of the eruption itself. 
A number of sedimentary and palaeoecological records show significant environmental 
degradation after the eruption, possibly exacerbated by increasing climate variability and 
fire incidence (Wilmshurst & McGlone, 1996; Horrocks & Ogden, 1998; Wilmshurst et 
al., 1999; Gomez et al., 2007). The impacts seem similar in pattern although much smaller 
in scale to those that followed the ea. 27 .I cal. ka Oruanui (Kawakawa) eruption, also from 
the Taupo VC, which occurred at a time of very marked climatic instability early in MO IS 
2 and prior to the LGM. This eruption led to widespread and long-lived environmental 
impact resulting in aeolian and fluvial remobilisation of the tephra for several thousands of 
years after the eruption (Manville & Wilson, 2004). 
Although the Taupo Tephra is relatively thin {<I cm) in the sites investigated in this study, 
the eruption was still exceptional in many aspects. The Taupo Tephra event was the most 
powerful and energetic eruption to have occurred in the world during the last 7000 years. 
The eruption (in late summer-early autumn AD 233 ± 13, noted earlier) was complex, 
generating five phases of plinian and phreatomagmatic fall activity and the climax was the 
extremely violent emplacement of Taupo lgnimbrite, erupted cataclysmically over about 
400 seconds by an extremely energetic, hot, ground-hugging pyroclastic flow (density 
current) moving at 200-300 m/s over a near circular area (-80 km radius) of -20;000 km2 
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around the vents (Wilson, 1985, 1993; Wilson and Walker, 1985; Smith and Houghton, 
1995). Its temperature was about 400-500° C at -50 km from the vents (McClelland et al., 
2004). It is likely that the ignimbrite emplacement phase generated a volcano-
meteorological tsunami (Lowe and de Lange, 2000). A total eruptive bulk volume for the 
Taupo event is about lOO km3 (-30 km3 as dense-rock equivalent). The thickest fall 
deposits are found directly to the east of the volcano in the direction of the prevailing 
winds during the eruption. Areas of the Waikato and Auckland regions received less than 
-10 cm (original thickness) of pyroclastic fall (including co-ignimbrite ash) deposits 
(Wilson & Walker, 1985; Wilson & Leonard, 2008) (see Fig. 6.3). Studies of the impact of 
the eruption are, as a result, primarily confined to sites very proximal or to the east of the 
volcano. For example, pollen· analyses and palaeoecological studies of post-Taupo 
sequences are mainly confined to the ignimbrite zone around the volcano or within the 
~-!0 cm tephra fallout isopachs (Wilmshurst & McGione, 1996; Wilmshurst et al., 1997; 
Horrocks & Ogden, 1998; Wilmshurst et al., 1999) (Fig. 6.3). In these proximal to medial 
areas there is consistent evidence of a significant reduction in tall forest taxa and a 
disruption to vegetation succession as a result of the eruption (Horrocks & Ogden, 1998). 
Within -80 km radius of Lake Taupo the forests were all flattened by the shock wave 
generated by the emplacement of the ignimbrite and burnt (the ignimbrite contains 
numerous charred logs and charcoal). Beyond this zone, tree felling (toppling), burial and 
defoliation were primary causes for the disruption. Some of these impacts may have been 
fairly localised (e.g. 80 km zone, Clarkson et al., 1992; Wilmshurst & McGlone, 1996). 
Within this zone full recovery of forests is thought to take I 00-200 years (Wilmshurst & 
McGlone, 1996) with 'full forest' recovery taking up to -400 years (Prof. Bruce Clarkson 
pers. comm.). 
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In more distal areas, the impact on vegetation is not well established but is likely to have 
been significant as even small quantities of ash can have detrimental effects on sensitive 
vegetation (Ciarkson, 1990; Kent et al., 2001; Hall, 2003; Hotes et al., 2004). The widely 
reported increases in fire incidence were partly the result of increases in volumes of dead, 
or standing trees stripped of leaves, that provided drying fuel, and partly because of a 
drying climate (Horrocks & Ogden, 1998; Ogden et al., 1998; Gomez et al., 2007). In this 
investigation, abundant charcoal layers were observed in association with the attenuated 
post-Taupo cryptotephra at a number of sites. The reduced and more open vegetation 
cover, due to this combination of volcanic and fire impacts, would have resulted in 
increased exposure and erosion of the unconsolidated volcanic debris in the area. The 
breakout flood event and fluvial reworking associated with the thicker Taupo deposits 
would have also remobilised and transported large quantities of tephra down river systems 
across much of the North Island for several decades or longer after the eruption (Manville 
et al., 1999; 2002; 2005; Segschneider et al., 2002). This reworking would have brought 
additional sources of tephra closer to the study sites. Although Wilson and Walker ( 1985) 
suggested that the proximal fall deposits from this eruption appeared to have been little 
affected by [aeolian] reworking, subsequent work at distal locations including this 
investigation suggests that remobilisation and transportation of tephra by water and wind 
occurred on a wider scale and that the prolonged impact of the eruption may have been 
more widely registered that previously thought. 
In summary, it is suggested that a combination of the initial catastrophic environmental 
impacts of the eruption at proximal and medial sites was followed by frequent and large 
scale fires in the region as a result of more fire-prone dead and dry standing timber being 
available, and drier climate conditions, could have resulted in tephra being blown into 
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depositional sites for possibly hundreds of years following the eruption. The consequence 
of the high concentrations of shards above the Taupo Tephra is that it was not possible to 
identify any andesitic cryptotephras within the same stratigraphic interval. If small 
concentrations of andesitic tephras were preserved, they are likely to be masked by clear 
shards. In at least two sites used in this study a correlated andesitic cryptotephra (Tufa Trig 
4) was identified immediately above the decline in cryptotephra shards to background 
concentrations, and provides a tie point for this section of the core between the different 
sites (Fig. 6.2). 
Comparative environmental stability (pre-human settlement) (phase 11) 
Above this interval of the Taupo Tephra attenuation up to where the Kaharoa Tephra is 
preserved as a cryptotephra there is a fairly distinct pattern in cryptotephra concentrations 
and core stratigraphy that is suggestive of comparative environmental stability ·in all the 
sites (Fig. 6.2). At most sites used in this study, this interval in the cores is characterized by 
the lowest background concentrations of clear shards and higher than average 
measurements for organic content (see Fig. 6.2). The only exception to this is at Lake 
Pupuke where high concentrations of presumably reworked shards recorded in one core 
only (P8 _ 06) are attributed to a localized erosion event. This exception apart, the 
comparative environmental stability and reduction in reworked shards meant that it was 
easier to identify andesitic shard concentrations which were more likely to have derived 
from primary fall deposits, and two Tufa Trig tephras (Tf4 and Tf5) were consistently 
found. 
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These findings are consistent with pollen and other palaeoenvironmental records from the 
region that indicate that this time interval was a period of relative environmental stability, 
characterized by dense forest cover (Newnham et a/;, 1998; l999b) and a low incidence of 
natural fires (Horrocks et al., 2005). A more complete vegetation cover and lower fire 
hazard would have made volcanic deposits less prone to remobilization and reworking. 
Interestingly, studies from some east coast sites (Lake Tutira .and Waipaoa sedimentary 
system in Hawkes Bay; Fig. 6.3) (Wilmshurst et al., 1997; Gomez et al., 2007) show that 
although sedimentary conditions (organic content, sedimentation rates etc.) did not appear 
to return to pre-Taupo Tephra conditions, a new equilibrium of stability appeared to have 
been reached for this time period. These records also indicate some intermittent 
disturbances (e.g. fires and landslides) in this time interval, but these are inferred to 
possibly represent smaller, localised scale events, for example, as a result of tectonic 
displacements (earthquakes) which are common in that region (Manville & Wilson, 2003). 
Arrival of Polynesian se/tiers and the start of sustained environmental change (phase lll) 
At all sites the interval bracketed by the Kaharoa and ~ufa Trig Tf14 tephras shows a 
marked change in the pattern of both clear and brown glass shards that corresponds to the 
period of Polynesian arrival and subsequent moderate environmental impacts ~Fig. 6.13 ). 
Within this interval, shard concentrations remain elevated and in some cases form very 
complex patterns. Nevertheless, up to four primary fall tephras were identified in the 
different sites, including the rhyolitic Kaharoa Tephra and at least three Tufa Trig tephras 
(Tf6, Tf8, Tfl4). In Lake Pupuke .this interval also includes the visible Rangitoto Tephra. 
Geochemical analyses show that there is a degree of reworking of most of these tephras 
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which has resulted in persistence of the tephras up through the sediment profiles. This is 
exemplified at Moanatuatua Reserve, where the attenuation of Kaharoa Tephra up through 
the peat includes multiple peaks that are interpreted as frequent depositional events 
reflecting disturbance of the tephra near the site. 
The evidence pointing to an anthropogenic cause of these disturbances is strong. Kaharoa 
Tephra, which typically marks the beginning of the disturbance phase, provides a definitive 
marker for evidence of early human impact associated with the arrival of Polynesian 
settlers in New Zealand sedimentary sequences ~Newnham et al., 1998; Lowe et al., 1998; 
Wilmshurst et al., 1999; McGlone & Wilmshurst, 1999; 2002; Lowe & Newnham, 2004). 
In this study, the occurrence of the cryptic Kaharoa Tephra also corresponds with a 
significant increase in charcoal layers and minerogenic input at both peat and lake sites that 
can be attributed to human activities in and around the sites. Early Polynesian settlers 
cleared forest mainly with the use of fire and records of increased charcoal are evident 
across large areas of New Zealand ( e,g. Ogden et al., 1998). Charcoal records from this 
investigation and in previous studies show a peak frequency in burning events between 700 
and 500 (cal) years BP (Ogden et al., 1998} Pollen analysis at Lake Pupuke shows forest 
clearance commenced soon after deposition of the Kaharoa Tephra but became more 
pronounced following the Rangitoto Tephra and so may reflect an initially comparatively 
moderate phase in land clearance followed by later stronger activity in the Auckland 
Region. In Opuatia Bog this interval also marks the onset of flooding events on the bog 
from Waikato River which could also be related to human activities. 
The period immediately before and after the Kaharoa Tephra also marks a period of 
increased activity from Ruapehu volcano. The Tufa Trig tephras identified at the sites 
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include three of the most distinct Ruapehu eruptive units (Oonoghue et al., 1995b }, each 
marked by a distinct increase in brown shards (Tf 5, 6, and 8; Fig. 6.2). 
Arrival of European settlers and accelerated environmental change (phase IV) 
The Tufa Trig tephra Tfl4 marks another distinct change in shard concentrations in the 
different sites that coincides approximately with the arrival of European settlers (late ·1700s 
to early 1800s) and the dramatic changes in the natural environment that followed. Marked 
changes in the surrounding environment have resulted in very different patterns of shard 
distribution for each site. In Opuatia Bog, an increase in flood events, in addition to 
agricultural activities in the hills surrounding the site, resulted in a dramatic increase in 
reworked shards (Fig. 6.1}. In lakes Rotoroa and Pupuke there is an apparent decline in 
shard concentrations which is the result of increased minerogenic input (shown by 
increased LOI) and increased sedimentation rates in the lakes. At sites where this 
minerogenic flux is particularly pronounced, tephra-derived glass concentrations have been 
diluted and it was not possible to identify any primary fall tephras that could be attributed 
to historical eruption events. In Moanatuatua Bog, the level of the core marked by an 
increase in charcoal and a decrease in organic content corresponds with the 
commencement oflarge scale drainage of the bog and associated agricultural activity. Fires 
became more frequent due to sparks from machinery (Ciarkson, 1997). Such activity 
would have resulted in increased disturbance of older tephras. It is not surprising that this 
interval of the peat included an increase in reworked rhyolitic tephras. Where the very top 
parts of the sequences are preserved (i.e. Moanatuatua Reserve and Opuatia Bog) it is, 
however, possible to see a return to more stable conditions in the sites with decline in 
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reworked tephras and increase in organic content which may be linked to a stabilization of 
environmental conditions in recent decades as disturbances from agricultural activities 
were reduced and more land set aside for conservation. For the most part, however, this 
phase is marked by severe instability and is generally the most problematic in terms of 
detecting primary fall cryptotephra. 
Summary 
It is possible to subdivide the ca.l800 year time interval of this investigation into four 
environmental phases based on the cryptotephra records and other sedimentological 
indicators. E>uring the first of these inter:vals (phase I) the disturbance impacts of the Taupo 
Tephra eruption are indicated by persistence of clear shards above the visible layer 
possibly resulting from widespread damage of vegetation, increased occurrence of tire and 
changes in sedimentary processes, Variable climate conditions are likely to have enhanced 
and extended this period of disturbance meaning that reworking of tephra extended for 
probably several hundred years following the eruption. The extended reworking of 
rhyolitic glass meant that it was not possible to identify andesitic tephras in this interval. 
The following interval (phase 11), bracketed by Tufa Trig members Tf4 and Tf5, retlects 
the comparative environmental stability after the impact of the Taupo eruption had ceased 
and before human impacts commenced. This period is characterized by a decrease in 
reworked shards, linked presumably to increased vegetation cover, which enabled the 
identification of andesitic primary fall tephras. 
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The next section, phase Ill, is bracketed by the Tf5 and Tfl4 tephras and represents the 
commencement of human activities, and perhaps increased activity of Ruapehu volcano. 
Despite some evidence for disturbance in and around the sites, the effects were 
comparatively moderate and it was still possible to identifY individual cryptotephras. 
Following this phase, from Tfl4 up to the surface of the cores, phase IV represents a 
period of more intense environmental changes resulting from the arrival and subsequent 
activities of European settlers. The result is intense erosion and reworking of tephra 
deposits and dramatic changes in sedimentation in some sites, making it difficult to 
identify cryptotephra. Near the top of the sequence (in Moanatuatua Bog) it is possible to 
identifY stabilization following earlier settlement which enabled the identification of 
deposits from two very recent historical eruptions in 1945 and 1975. 
Linking environmental change to cryptotephrostratigraphy represents an important advarice 
in this study in two contrasting ways. These records show on the one hand that the 
cryptotephra content of a site can be a sensitive indicator of wider scale environmental 
conditions driven by natural and anthropogenically forced changes in the landscape. On the 
other hand, it is important to recognize that the relationship of the cryptotephrostratigraphy 
to the record of ash-fall-producing eruptions is dependent to some extent upon 
environmental conditions at the depositional site and in particular the degree to which 
disturbance at the site and in the wider catchment results in remobilized and redeposited 
tephra. A significant development from this study therefore is recognition that 
environmental stability acts as a filter which may at times help to reveal and at other times 
mask the record of volcanic ash fall at that site. 
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6.5 Implications for volcanic hazard assessment 
6.5 .. 1 Introduction 
Ash fallout from rhyolitic, andesitic and basaltic eruptions poses one of the most 
significant threats to New Zealanders living in the region investigated here, with 
potentially widespread and wide ranging impacts (Scott et al., 1995; Poirot et al., 2004; 
Bebbington et al., 2008). With an expanding population, an increasingly sophisticated 
infrastructure and highly developed economy, the population is growing more vulnerable 
to these impacts (Johnston et al., 2000). Recognition that even very thin deposits of ash can 
have a significant impact on human and farm animal health and on community 
infrastructure, both in towns and rural sectors, means that a rigorous assessment of the full 
range of threats are all the more pertinent (Smith, 2000; Zimanowski et al., 2003; Forbes et 
al., 2003; US Geological Survey, 2004; Horwell & Baxter, 2006; Newnham et al., 2008). 
This threat was brought into sharp focus by the 1995-1996 eruption events from Mt. 
Ruapehu (TnG VC) (Weinstein & Pate!, 1997; Cronin et al., 1998; Johnston et al., 2000; 
Beck er et al., 200 I; Cronin et al., 2003). Such recent ash-fall events provide a valuable 
benchmark for understanding the wider threats of this type of eruption, but the very short 
history of documented events (-170 years) in the region provides only a limited record 
from which to assess the likely future hazard (Rhoades et al., 2002). Models and estimates 
of the frequency, thickness and location of future ash fall from the region's volcanoes are 
therefore detennined primarily from the stratigraphic record of tephras (Table 6.5) (Hurst 
& Smith, 2004; Poirot et al., 2004; Magill & Blong, 2005a; Magill et al., 2006a; 2006b; 
Bebbington et al., 2008). In this context, the enhanced record of ash-fall events for the 
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Waikato and Auckland reg10ns developed m this investigation through 
cryptotephrostratigraphic techniques has critical implications for the assessment of ash-fall 
hazards in this region. 
Table 6.5. Summary of active volcanoes in the North Island and their estimated frequency of 
occurrence for range of eruption sizes. Source: After Ministry of Agriculture and Forestry 
(MAF, 2002). Data based on historical, dendrochronologlcal, and tephrostratigraphic 
records (see Lowe et al., 2002}. 
V I 
Last known Future eruption Estimated frequency of 
o cano . . 3 eruption s1ze (km ) occurrence 
Auckland 
Mayor Island 
White Island 
Tongariro 
Volcanic 
Centre 
Egmont 
Taupo 
Okataina 
Ruapehu 
Ngauruhoe 
Tongariro 
-600 cal yr B.P. small - medium (0.1-2.0) 
Probably within last small - medium (0.1-1) 
c. 3000 yrs large (>1 .0) 
1998AD small (<0.01) 
medium (0.01-0.1) 
large (> 0.1) 
1996AD small (0.01-0.1) 
medium (0.1-1.0) 
large (>1) 
1975AD small(< 0.01) 
medium (0.01-0.1) 
1896AD small (<0.01) 
medium (0.01·0.1) 
large (0.1 -1) 
c. 1755AD small (<0.01) 
medium (0.01-0.1) 
large (<.1) 
233 ± 13 AD small (0.1-0.9) 
medium (1 -10) 
large (10-100) 
1886AD medium (1-10) 
large (10 20) 
1 000-2000 years 
?1000 years 
?10 000 years 
1-5 years 
?100 years 
710 000 years 
20 years 
100-500 years 
10 000 years 
10-20 years 
100-200 years 
100 years 
1000 years 
10 000 years 
300-500 years 
1300-1600 years 
10 000 years 
1300-1600 years 
2500-5000 years 
5Q00.10 000 years 
150()..2000 years 
2000 5000 years 
[n this study cryptotephrostratigraphic techniques were used to identify fine ash-fall events 
in sites in or near to the major population centres of Auckland and Hamilton. The 
population of greater metropolitan area of Auckland is ea. 1.4 million, approximately one 
third of the New Zealand population (Statistics New Zealand, 2008). Auckland is also the 
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country's economic and industrial hub and contains buildings and infrastructure which are 
extremely vulnerable to the impacts of future ash fall including oil refineries, major power 
lines and the county's largest international airport. Public health is always at risk to some 
degree (Johnston et al., 2000; Newnham et al., 2008). Tephra fall from central North 
Island volcanoes is thought to represent a significant threat to the region in the near future 
(Newnham et al., 1999a; Edbrooke et al., 2003; Magill & Blong, 2005b; Magill et al., 
2006a). Hamilton City and surrounding towns represent the fourth largest urban area in 
New Zealand with a current population of ea. 200, 000 (based on 2006 census, Statistics 
New Zealand, 2008). The wider Waikato Region also represents some of the North 
Island's most productiye farmland and cropping land that is recognised as very vulnerable 
to ash-fall from volcanoes (Gregory & Neall, 1996; MAF, 2002; e.g. Cronin et al., 2003). 
Also at risk in the Waikato region are hydroelectric and thennal power stations and 
associated transmission structures, transport and water supply networks, and plantation 
forests. 
It is widely recognised that wind direction and intensity have a major influence over the 
dispersal of ash and are an important component in modelling future ash fall probabilities 
(Magill et al., 2006a; Shane, 2007b). The record of ash fall may thus be distorted by 
prevailing wind patterns which no longer apply to the present (Shane, 2007b). For 
example, changing wind patterns have been invoked to explain the change in the number 
of distal andesitic tephras identified in Auckland sites since the end of the last ice age (see 
Fig. 6.13) (Shane & Hoverd, 2002; Shane, 2007b), although Magill (2007) noted that other 
processes are important as well with regard to the deposition and preservation of tephras. It 
has therefore been argued that only recent (Holocene) tephra records can provide realistic 
scenarios for ash fall distribution and impact to a particular region (Shane, 2007b). This 
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study focussed on the time period since the AD 233 ± 13 Taupo Tephra eruption to include 
the most recent ash-fall events which are unlikely to have been deposited under 
significantly different wind conditions than currently prevail. Investigating this recent time 
period also provided an opportunity to verify accounts of historically documented ash fall 
events. Lowe et al. (2002) focussed on this time period in evaluating potential impacts of 
volcanism on early Maori society. 
6.5.2 An enhanced records of recent ash fall 
As detailed in the previous sections of this chapter, the use of cryptotephrostratigraphic 
techniques meant it was possible to identify at least ten post-Taupo Tephra ( 1717 ± 13 cat. 
yr BP) ash-fall events in the sediments of the four sites within the Waikato and Auckland 
regions. None of these ash-fall deposits had previously been recognised in any lake 
sediments or peats in these regions. Nine of the ash-fall events were from the andesitic 
volcanoes of the Tongariro VC; four of the ash-fall events were identified at the Auckland 
site. This considerable extension to the known range of ash fallout from these eruption 
events implies the threat to the Waikato and Auckland regions from future eruptions of 
these volcanoes is greater than previously thought. Further, the identification of the 
rhyolitic Kaharoa Tephra as a cryptotephra in the sites also demonstrates that Kaharoa ash 
was deposited over a much wider area than previously known and hence the potential 
impact of ash fall from similar rhyolitic eruptions is now evidently much greater and more 
extensive than considered in any previous hazard modelling (e.g. Bonadonna et al., 2005). 
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Figure 6.14 shows a comparison of the frequency of ash fall events (calculated to eruptions 
per 1000 years) obtained from the cryptotephra record from this study (representing the 
last -1700 years) and the number of identified visible tephra from published records3 
(representing the last ea. 11.5 cal ka, and pre-Holocene, ea. 11.5-20 ka4) from the vents of 
the Tongariro Volcanic Centre. No Egmont tephras were identified in this study and cannot 
be compared. For the ash-fall events from the Tongariro VC at least, Fig. 6.14 illustrates 
that the detailed cryptotephra records represent an order of magnitude increase in the 
frequency of events compared with those represented by visible Holocene deposits. The 
ash-fall events identified in this study can be used to inform assessments of ash-fall 
hazards in two main ways: (I) by providing an extension to the known range and possible 
impact of eruption events from the different volcanic sources, and (2) by supporting 
recalculation of the likely reoccurrence of similar size eruptions from the different volcanic 
sources affecting the regions in the future. The enhanced records of the main andesitic 
volcanoes are discussed below. 
3 These records are patchy and very likely incomplete thus far but are the focus of ongoing work (e.g. Molloy 
& Shane, 2007). 
4 Note that pre-Holocene.records of andesitic tephras extend much further back in time. This time period was 
selected to demonstrate differences between records over a similar time, period. 
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Figure 6.14 Frequency of ash fall events (per 1000 years) from Tongariro Volcanic Centre 
(TnG VC) identified in sites in the Waikato and Auckland regions. Pre-Holocene, c. 11.5-20 
cal. ka; Holocene is post-ea. 11.5 cal. ka period. Post-Taupo Tephra record (after 1717 ± 13 
cal. yr BP) from this study. For TnG VC tephras, vent sources are combined or 
undifferentiated. Data sources for number of visible tephras (pre-Holocene and Holocene 
records) from Lowe et al. (1988a; 1988b); Sandiford et al. (2001); Shane and Hoverd (2002); 
Shane (2005); Molloy and Shane (2007). 
6.5.3 Threat from Tongariro Volcanic Centre (TnG VC) volcanoes 
All nine of the andesitic ash-fall events identified in the Waikato and Auckland sites in this 
study were derived from Tongariro Volcanic Centre (TnG VC) volcanoes. The three main 
active vents of the TnG VC, Mt Ruapehu, Mt Tongariro and Mt Ngauruhoe, have been 
very frequently active in the recent past and are the source of almost all of the most 
significant andesitic eruptions for mainland New Zealand in historic times (IGNS, 2004). 
(Offshore White Island or Whakaari has also been very active but eruptions have been of 
minor significance to North Island coastal communities: Lowe et al., (2002)). During 
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these historic events, and in particular during the most recent eruptions from Mt Ruapehu 
( \995-6) and Ngauruhoe ( 1974-5), ash dispersal was widespread and impacts were 
significant despite deposition of only very thin ash. The stratigraphic records of post-
Taupo ash-fall events from these volcanoes are primarily confined to sites proximal to the 
volcano (Donoghue et al., \995b; Donoghue & Neall, \996; Cronin & Neall, 1997; 
Hobden et al., 2002). 
Only one TnG VC-derived tephra (undifferentiated by vent) has previously been identified 
as a visible layer in Holocene-aged sequences in distal sites of the Waikato Region (Lowe, 
J'988a) and as far as Auckland (Sandiford et al., 200 I; Shane & Hoverd, 2002; Shane, 
2005; Molloy & Shane, 2007') (Fig. 6.14). TnG VC tephras are more prominent in pre-
Holocene sequences with~ I 0 tephras in the Waikato and Auckland regions CLowe, 1988a; 
Sandiford et al., 200 l ). This prominence is probably as a result of stronger wind conditions 
during the earlier, cold climate phase (Shane, 2005). It is also possible that these represent 
a different, more powerful, phase of activity from the volcanoes (Neall et al., 1995; 
Donoghue et al., \995b). 
In this study the identification of ash tall events from TnG VC volcanoes in post-Taupo 
sediments represents a frequency of ~5.2 events per l 000 years in Waikato Region and 
~2.3 eruptions per 1000 years in Auckland compared to 0.1 events per 1000 years from the 
visible Holocene records (Fig. 6.14). 
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Ruapehu 
Eight out of the nine post-Taupo andesitic tephras identified in this study were linked to 
the Tu fa Trig Formation which represents the most recent phase of eruption activity of the 
Mt Ruapehu volcano. All tephras were linked to the thickest of ash-fall events from the 
volcano identified in proximal sequences (Donoghue et al., 1995b) and the largest events 
of the historic eruptions ( 186 i, 1945 and 1995-1996). The identification of Ruapehu-
derived tephras at the sites in Waikato and Auckland regions demonstrates much greater 
dispersal range of ash fall from this volcano than previously recognised from the 
tephrostratigraphic record (Fig. 6.3). The tephrostratigraphic records of these recent ash-
fall events from the volcano indicate a fairly limited dispersal with most tephras preserved 
at proximal sites around the volcano (Donoghue et at, 1995b ). Several of the thickest (or 
more voluminous) pre-historic Tufa Trig tephras have been identified as visible and 
cryptotephra at sites ea. l 00 km to the east of the volcano in the direction of the prevailing 
winds (Eden & Froggatt, 1996). The records from this study show dispersal of at least four 
Ruapehu tephras at least as far as Auckland ea. 300 km to the north of the volcano (Fig. 
6.3). Because the one visible tephra identified in Holocene sequences is not linked to a 
particular vent from the TnG VC, these records cannot be compared directly to pre-Taupo 
Tephra andesitic records. Nevertheless, it has been estimated that pre-Taupo phases of 
activity from Mt Ruapehu are likely to have consisted of greater magnitude events than the 
Tufa Trig eruptions (Donoghue et al., 1995b). 
Based on the eight ash-fall events identified in the Waikato and Auckland sites, the 
frequency of ash fall from Ruapehu Volcano represents an average of one per ea. 215 years 
since the Taupo Tephra. Interestingly, the cryptotephra record shows an increase in ash 
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fall events in these regions in the latter part ofthe record consistent with interpretations of 
proximal deposits (Donoghue et al., 1995b ). Seven eruptions are identified in the last ea. 
900 years (which represents one eruption per 128 years) and three historical. ash-fall events 
large enough to leave a trace in the Waikato Region are identified in the last ea. 170 years 
(one eruption per -57 years). 
Tongariro 
No Mt Tongariro-derived tephras were identified in the post-Taupo sequences in the 
Waikato and Auckland regions. This volcano has been active for about 260,000 years 
(Hitchcock & Cole, 2007) and is likely to be the source of at least one substantial ash-fall-
generating event (Mangamate Fom1ation) identified in pre-Holocene distal sequences 
(Lowe, 1988b; Sandiford et al., 200 I; Hitchcock & Cole, 2007). The volcano itself is 
composed of at least 12 separate cones with Mt Ngauruhoe the vent for the most recently 
active phases of the volcano. 
Ngauruhoe 
The only additional andesitic cryptotephra identified from the sites in this study is linked to 
the ash fall of the 1974-1975 eruption from Mt Ngaumhoe. This is the youngest vent in the 
Tongariro VC and has only been active during the last -2,500 years. Mt Ngauruhoe was, 
until 1975, one of the world's most active volcanoes and more than 45 eruptive events or 
phases occurred during the 20' 11 Century alone (Hobden et al., 2002). The 1975 phase of 
the eruption was the largest and most recent activity from this volcano in historic times. 
Although it left a trace in the Waikato Region at the time of the eruption in the fom1 of a 
- 381 -
Chapter 6 Discussion 
dusting of ash fallout on cars and other surfaces (Nelson, 1975), no ash had been recorded 
in sedimentary archives (Lowe, 1988b ). The cryptotephra was identified only at 
Moanatuatua Bog, the nearest of the four study sites to the volcanic centre. lt is possible 
that comparatively poor preservation of historically aged sediments prevented detection of 
this event at the other three sites. 
Most activity from this volcano has been small in magnitude (as measured by volume and 
dispersal for example). The cryptotephra records from this study suggest that previous ash-
fall events were not sufficiently large to deposit ash as far as Waikato sites, or possibly that 
unfavourable winds were prevalent, or both. Earlier, pre-Taupo phases of activity (2500 ± 
200 cal. yr BP; Hobden et al., 2002) from the volcano are thought to have been more 
significant in size than the majority of historically observed tephra-generating events and 
have been identified in sites several kilometres from the volcano (e.g., the Mangatawai 
Tephra).(Donoghue et al., 1995b; Hobden et al., 2002). This tephra is very likely preserved 
at much greater distances as a cryptotephra. A return period of~ 1250 years for events of 
the scale of the 1975 and the Mangatawai Tephra events implies that ash fall from 
Ngauruhoe does not pose a considerable threat to the Waikato Region in the near future, 
although the propinquity of the most recent event should caution against complacency. 
6.5.4 Threat from Egmont (Taranaki) Volcano 
No Egmont Volcano-derived tephras were identified as cryptotephra in any of the sites 
investigated in this study. Egmont volcano has been frequently active in the recent past, 
although not in historic times, and has resulted in a number of much larger eruptions 
compared with those of TnG volcanoes (e.g. Lowe et al., 2002). Visible Egmont-derived 
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tephras have been identified in a number of distal sites at much greater frequency than TnG 
VC tephras. As many as 43 (visible) Egmont tephras have been identified in sequences in 
Auckland spanning the last 70 ka (Sandiford et al., 200 I; Shane & Hoverd, 2002; Shane, 
2005; 2007b), although almost all of these are restricted to pre-Holocene sequences 
(Shane, 2005). Only one ash-fall event of Holocene age has been identified in any 
Auckland site (Sandiford et al., 2001 ). At least four mid-Holocene Egmont tephras have, 
however, been found in Waikato peat bogs and lakes (Lowe, l-988b). At least two post-
Taupo Tephra aged Egmont-derived tephras have also been tentatively identified in a 
Hawkes Bay sequence on the east coast of the North Island (Eden & Froggatt, 1996). 
Based on these records and models of prevailing wind directions, it was previously thought 
that Taranaki, posed the most significant risk to Auckland and Waikato regions from 
central North Island eruptive centres (Magill & Blong, 2005a; Magi II et al., 2006a; 2006b). 
The findings from this study suggest that this view may need to be revised. 
There are a number of possible explanations for the lack of Egmont tephras identified in 
the sequences from this study. Firstly, it is possible that atmospheric circulation/wind 
patterns, perhaps in combination with the style of eruptions, have changed since the Late 
Glacial to favour dispersal from volcanoes in the central North Island, but not from 
Egmont Volcano. It is also possible that the time period investigated in this study is too 
short to capture the complete ash-fall record from this volcano. Based on the liniited 
records of these tephras in Holocene sequences, ash-fall events represent an average 
frequency of one per 2.5 ka . .It is also possible that some cryptotephra were inaccurately 
attributed to TnG VC events using glass chemistry, although this is unlikely. The 
correlation of the cryptotephra to TnG VC tephras showed a close match to the 
composition of proximal deposits and can be linked to known events based on stratigraphic 
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position and relative age. Egmont derived tephras are also typically characterised by much 
higher K20 and Si02 compositions compared with those ofTnG VC tephras (Shane, 2005) 
(see section 4.2.6 in this thesis). However, the geochemistry of recent Egmont-derived 
tephras in distal settings is not known with certainty. 
6.5.5 Threats from other North Island volcanoes 
Okataina Volcanic Centre 
The rhyolitic Kaharoa Tephra (Mt Tarawera, Okataina Volcanic Centre, OVC) was the 
only additional cryptotephra identified in this study in the Auckland and Waikato sites. It 
derived from the most recent rhyolitic eruption (AD 1314 ± 12) of the region's rhyolitic 
volcanoes. The most recent activity of the OVC occurred on 10 June, 1886 (the Tarawera 
eruption) but that event was basaltic. Nevertheless, it is one of only a handful of plinian 
basaltic eruptions known and the phreatomagmatic phase resulted in locally catastrophic 
impacts (Lowe, 1990; Nairn et al., 2005). After Taupo VC, the OVC is the second most 
productive and frequently active large caldera volcano in the world (Wilson, 1993) with an 
estimated frequency of eruptions of between 1.5 and 5 ka (Table 6.5) (Smith et al., 2006). 
The identification of the Kaharoa Tephra in all the sites in this study represents an 
extension to the known range of the ash fall as defined by the visibly preserved tephra and 
demonstrates that such an eruption today would pose a considerable threat, not previously 
considered in probabilistic modelling, to these regions. For example, Bonadonna et al. 
(2005) concluded from such modelling that ... "the areas NW, west, and south of Tarawera 
are likely to receive little tephra fall from a Kaharoa-type eruption, Therefore key cities 
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such as Hamilton, Auckland, and Wellington are relatively safe from hazardous tephra fall 
from Tarawera." (p.l'8). Even though the exact meaning of "little tephra fall" is not given, 
the probability models imply that nil or negligible fallout is likely to occur on Auckland 
and Hamilton, which contradicts the new cryptotephra-based findings here. Therefore, the 
conclusion of Bonadonna et al. (2005) that Hamilton and Auckland "are relatively safe 
from hazardous tephra fall from Tarawera" must now be considered unsound. 
Auckland Volcanic Field 
The Auckland Volcanic Field has been active for ea. 260 ka and has produced at least 49 
basaltic volcanoes (Ballance & Williams, 1992). The ash fall from the most recent, and by 
far the :largest (by volume) eruption from Rangitoto Volcano (ea. 550 cal yr BP, refer to 
section 4.2.1 ), was preserved as a visible tephra layer. The analysis of basaltic shards from 
the cryptic tephra-shard component adjacent to the visible tephra did reveal the possibility 
of additional eruptive phases or eruption events from Rangitoto Volcano (see section 4.2.1 
and 6.5.3). If supported', the identification of a second eruptive phase for Rangitoto Island 
has the potential to develop further recent ideas about multiple events of the Auckland 
Volcanic Field volcanoes (Needham et al., 2008) rather than the previously held model of 
monogenetic eruptions (Cassidy et al., 1999). This has the potential to significantly alter 
perceptions and planning for volcanic hazards in Auckland. The threat from future activity 
from the A VF is so far unknown because eruption activity in the past has been sporadic 
and infrequent through time and the probable location of a new vent is uncertain. What is 
'known, however, is that if an eruption of a similar magnitude to Rangitoto were to occur in 
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the future within the boundaries of Auckland City this would have catastrophic impacts 
(Edbrooke et al., 2003; Chick et al., 2004; Smith & Alien, 2007; Newnham et al., 2008). 
6.5.6 How can cryptotephra records be used to inform the assessment of 
ash-fall hazards? 
This study has demonstrated that ash-fall events in the recent past are capable of much 
greater dispersal range than previously considered. However, one question which may 
arise from modellers of ash-fall hazards, and planners who attempt to mitigate for such 
hazards (e.g. Environment Waikato, 1999a) is how cryptotephra records can translate to 
original ash-fall thickness or some other quantitative parameter such as total mass or mass 
per unit area from which isomass maps can be drawn ( e,g, Connor et a/, 200 I; Scollo et 
al., 2006). The thickness of tephra layers is an important guide to potential hazards posed 
by individual eruptions. There is, for example, a considerable difference between the 
impacts·expected from a very thin (<I mm) deposit of ash on infrastructure compared with 
ash layers 1-2 mm or 5-10 mm or more thick ~MAF, 2002). Tephra thickness is also an 
essential component of ash-fall-based numerical models (together with distribution, 
density, atmospheric considerations, and physics, etc) which provide a measure in which to 
estimate the original volume or mass of ash (Hurst & Smith, 2004; Poirot et al., 2004; 
Magill et al., 2006a; Magill et al., 2006b). Although beyond the scope of this thesis, this 
topic is recognised as an important direction for future work. 
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6.5. 7 Summary 
Ten post-Taupo Tephra ash-fall events were identified as cryptotephra in sites from the 
Waikato and Auckland regions which represents a substantial enhancement to the record of 
recent ash-fall events in these regions. The nine andesitic tephras from the TnG VC 
volcanoes, mostly from the Ruapehu Volcano, represent a considerable extension to the 
known range of many of the pre-historic ash-fall events. In addition, they provide the first 
geological evidence that match observations of these ash-fall events in historic times. The 
findings from this study suggest that ash fall from Mt Ruapehu is a much greater threat to 
regions such as Waikato and Auckland than previously thought. The most recent records 
suggest future ash fall events could recoccur as frequently as every -57 years. On the basis 
of the findings from this study and from the Holocene record of visible tephras, ash fall 
from Egmont Volcano does not pose as great a threat in terms of retum period to the 
Waikato and Auckland regions in the future. The identification of Kaharoa Tephra also 
demonstrates a wider dispersal range than previously documented and thus fallout from 
similar rhyolitic events in the future poses a substantial threat to Auckland and Hamilton 
regions. The cryptotephra investigations of Rangitoto Tephra and associated basaltic 
deposits also support the idea that eruptions from Auckland Volcanic Field may be more 
complex and not monogentic and therefore more of a hazard .than previously thought. 
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CHAPTER 7: CONCLUSIONS, RECOMMENDATIONS 
AND FUTURE WORK 
7.1 Conclusions 
The main aim of this study was to develop an enhanced stratigraphic record of ash fall 
events since deposition of the AD 233 ± 13 Taupo Tephra at selected sites in the Waikato 
and Auckland regions of the North Island, New Zealand. Cryptotephrostratigraphic 
techniques were used to detect, quantify and characterise primary tephra-fall events 
preserved as cryptotephra in sediment cores from two peat bogs (Moanatuatua Bog and 
Opuatia Bog) and two lakes (Lake Rotoroa and Lake Pupuke). Stratigraphic position, 
major element geochemistry of glass, and age were used to link identified cryptotephras to 
volcanic source and where possible to correlate individual eruptive events. This 
investigation resulted in the following advances and findings, 
1. The cryptotephra content derived from the four sites revealed a complex record of 
tephra deposition, a consequence of both primary fall events from rhyolitic and 
andesitic volcanic sources and redeposition from older (pre-Taupo) tephra units. A 
two-stage protocol using stratigraphic and geochemical analysis was developed to 
differentiate between shard concentrations derived from these two main sources. 
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This protocol allows for informed decisions to be made based on stratigraphy alone 
in addition to providing more rigorous assessment though geochemical analysis. 
2. Ten individual post-Taupo tephra-fall events were identified. as cryptotephra from 
the four sites, none of which had previously been recognised in the Waikato and 
Auckland regions. This recognition represents a substantial enhancement to the pre-
existing record of ash-fall events. The cryptotephra identified here include the 
Kaharoa Tephra (AD 1314 ± 12) and nine andesitic tephras from the volcanoes of 
Mts Ruapehu (8 tephras) and Ngauruhoe (I tephra) of the Tongariro Volcanic 
Centre. The TnG VC-derived tephras included five pre-historic Ruapehu-derived 
tephras of the Tufa Trig Formation (Tt): Tf4, Tf5, Tf6, Tf8 and Tfl4. Four 
cryptotephras were linked to historic ash-fall events including the 1861, 1945 and 
1996 events from Mt Ruapehu and the 1975 ash-fall event from Mt Ngauruhoe, 
The identification of the Kaharoa Tephra at all sites provides an extension of this 
valuable stratigraphic marker to new areas of the North Island. This tephra was 
recorded for the first time in direct stratigraphic association both with prehistoric 
Tufa Trig tephras and with the Rangitoto Tephra. Such interbedding provided an 
opportunity to establish definitively the stratigraphic relationship between these 
tephras as well as providing calendar ages for them (previously these 
stratigraphically important tephras were poorly or not dated). The new ages 
established for the Tufa Trig (Tt) tephras are as follows: Tf4, AD 678-780; Tf5, 
AD 1109-1211; Tf6, AD 1302"1326; Tf8, AD 1635-1734; Tfl4, AD 1605-1729. 
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For the Rangitoto Tephra the age derived from Auckland lake sediment cores is AD 
1386-1491 (564-459 cat. yr BP). The examination of the visible and cryptotephra 
components of the Rangitoto Tephra (derived from the main eruption event) in 
Lake Pupuke also revealed additional compositional groups which point to the 
possibility of a two-stage development of Rangitoto Island, an hypothesis which is 
under examination by other researchers, 
3. The geomorphological setting, site and environmental conditions proved to be 
important factors affecting the preservation and identification of cryptotephra, The 
protocol for distinguishing primary fall from reworked cryptotephra (see point I 
above) was further developed to take account of these environmental and local site 
factors. At all sites, reworking of tephra-derived glass shards by lacustrine, aeolian, 
and fluvial (at Opuatia) or other processes is likely to have obscured some primary 
fall cryptotephras. This complication is aggravated where sediment accumulation 
rates are slow, thereby further reducing capacity to distinguish between closely 
spaced depositional events. At peat sites, the vertical attenuation of cryptotephra 
proved problematic for establishing the precise stratigraphic position or isochron of 
the primary fall layer and for resolving between closely spaced ash-fall events. 
Detailed analysis of the Kaharoa Tephra at one site showed that the first 
discernable occurrence of the tephra, rather than the level with maximum 
concentration, is most likely representative of the time of the primary fall layer. At 
all sites, anthropogenic disturbance resulted in further complications due to greater 
reworking of catchment material, including glass shards. 
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4. Cryptotephra from the different sites provided a sensitive indicator of regional 
environmental changes. It was possible to subdivide the ea.l800-year time interval 
of this investigation into four environmental phases, based on the cryptotephra 
records and sedimentological indicators. Because these environmental phases are 
distinguished largely by the relative degree of reworking of tephra, some broad 
generalisations can be drawn in terms of the comparative efficacy of cryptotephra 
techniques for detecting primary fallout layers within each phase. Phase I (ea. AD 
233-500) represents an extended period of environmental disturbance following, 
and probably resulting from, the Taupo eruption. This was indicated by the 
persistence of clear shards above the visible tephra layer probably resulting from 
widespread damage of vegetation, increased occurrence of fire and changes in 
sedimentary processes. As a consequence of this extended period of increased 
reworking, detection of cryptotephra was highly problematic within this interval. 
Phase 11 (ea. AD 500-1300) reflects a period of comparative environmental 
stability after the impacts of the Taupo eruption had ceased or diminished and 
before human impacts commenced. This period is characterized by a decrease in 
reworked shards, linked presumably to greater catchment stability in general and 
increased vegetation cover. As a consequence, a comparatively rich suite of 
andesitic primary fall cryptotephras was detected during this phase. Phase Ill (ea. 
AD 1300-1800) represents the commencement of human activities in the region. 
Despite some evidence for disturbance in and around the sites, the effects were at 
first comparatively moderate and it was still possible to identify individual fallout 
cryptotephras. Phase IV (after ea; AD 1800) represents a period of more intense 
environmental changes resulting from the arrival and subsequent activities of 
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European settlers. The attendant severe erosion and reworking of tephra deposits 
and dramatic changes in sedimentation during this latest phase proved problematic 
for identifying cryptotephra at all four sites. It follows from these observations that 
environmental, and catchment stability, in particular, is an important factor in the 
potential for cryptotephra analyses to determine primary tephra-fall events. 
5. The identification of ten post-Taupo Tephra cryptotephra ash-fall events, 
previously undetected in the Waikato and Auckland regions, has important 
consequences for the assessment and mitigation of future ash-fall hazard scenarios 
in these regions. Relative to current knowledge, the record of nine andesitic ash-fall 
events represents a near five-fold increase in frequency of such events. These 
records show that·ash fall from Mt Ruapehu is a much greater threat to regions such 
as Waikato and Auckland than previously thought and could re"occur as frequently 
as every ~57 years. On the basis of the findings from this study, ash fall from the 
Egmont Volcano does not pose as great a threat in terms of return period to the 
Waikato and Auckland regions in the future. The identification of Kaharoa Tephra 
also demonstrates a wider dispersal range than previously documented and thus 
fallout from similar rhyolitic events in the future poses a substantial threat to 
Auckland and Hamilton regions, contrary to current modelling-based predictions. 
The cryptotephra investigations of Rangitoto Tephra and associated basaltic 
deposits also support the emerging view that ash-fall events from Auckland 
Volcanic Field may be more complex and more frequent than previously thought. 
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7.2 Recommendations 
Although some limitations have been highlighted, it is clear that considerable future 
advances in the field of tephrostratigraphy will be made through the careful and judicious 
application of the techniques and methodology developed and applied in this investigation. 
In particular, this study has demonstrated that cryptotephrostratigraphic techniques can be 
applied at medial to distal sites in the North Island of New Zealand to: (I) increase the 
number of potential isochronous markers in the tephrostratigraphic records from ash-fall 
events; (2) extend the geographic coverage and hence application of key 
chronostratigraphic marker tephras (e.g. Kaharoa Tephra); and (3) enhance the historical 
and geological record of ash-fall events as a guide to future hazard assessment for the main 
population centres. lt is recommended that further investigations that develop these three 
important research fronts continue apace in this region and other regions of similar setting. 
In addition the following specific recommendations are made for future cryptotephra 
investigations of medial to distal sites in New Zealand or similar volcanic regions. 
1. When propensity for reworking is strong, it is advisable to adopt a high resolution 
sampling strategy both for quantifying cryptotephra content and for geochemical 
glass analysis, using replicate sequences to help differentiate between primary fall 
and reworked tephra. 
2. Care must be taken with the selection of sites for this type of study to ensure 
effective preservation and identification of cryptotephra. lt is important to consider 
geomorphological setting of the site in terms of possible inputs of reworked tephra 
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shards from windblown and or fluvial sediments. Rates of sediment accumulation 
are an important factor in determining whether closely spaced ash-fall events can 
be differentiated. It is also important to consider the possible impacts of 
anthropogenic activity and other exogenous sources of disturbance in or around the 
site which can result in further complications oftephra taphonomic processes, 
7.3 Future work 
On completing this study it is recognised that much potential exists for further 
development in the investigation and application of cryptotephra in this region building on 
and testing the .conclusions described here. Three key areas are identified as important for 
future work. 
1. Further enhancement of the tephra record in these reg1ons by incorporating 
cryptotephra analysis as a routine· adjunct to standard tephrostratigraphic work. 
In particular, more records should be developed at sites positioned more distally to 
volcanic source and representing different time periods. Investigating a longer time period, 
for example through the Holocene, would increase the possibility of obtaining a more 
comprehensive record of ash fall (and thus eruption history) from the andesitic volcanoes 
in the region, including those from Egmont Volcano which have not been recognised in the 
sites or time period investigated in this study and are poorly represented as visible tephra in 
Holocenecaged sequences. 
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Allied to this effort, it is necessary to develop a more comprehensive database of the 
geochemical fingerprint of andesitic ash-fall events in proximal, medial and distal sites. 
Such a database would promote the use of these tephras for regional scale correlation, 
which in turn would help to improve the dating of key events and thus their role as 
isochrons in high resolution studies. The application of laser ablation lCP-MS for 
determining the trace and rare-earth elemental composition of individual tephras may 
prove beneficial for differentiating effectively between compositionally similar andesitic 
tephra members. 
Further application of these methods would provide opportunity to investigate more 
thoroughly the use of cryptotephras as a sensitive environmental indicator, thus testing the 
four-phased environmental history oflast -1800 years identified in this study and perhaps 
contributing to the investigation of environmental change during other intervals and in 
other regions 
2. Methodological developments 
If the 'protocol' developed in this study for differentiating between primary fall and 
reworked cryptotephra is robust, then it should be applicable at other sites in these regions 
as well as in investigations of other regions where tephra is abundant in the environment 
and has a propensity to be reworked. lt is hoped that future investigations will attempt to 
apply this protocol and report on its potential as a routine methodological tool in 
cryptotephra analysis. 
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3. Informing the modelling and management of ash-fall hazards in the Auckland and 
Waikato regions. 
The enhanced tephrostratigraphic record developed here carries some fundamental 
ramifications for hazards assessment in these regions. An important development is the 
realisation that large centres of population such as Auckland may be at far greater risk than 
previously thought from future andesitic eruptions of Ruapehu in particular. Cryptotephra 
work is critical' to this work on two counts: first it concerns the higher frequency events, 
previously considered to be of insignificant magnitude, but now recognised as posing a 
potential threat to human health (as well as societal infrastructure); second, it concerns the 
detailed, microscopic examination of volcanic particles at the scale most relevant to the 
human respiration system. For example, although not within the scope of this study, 
particle size analysis of the finer fraction of cryptotephra in distal sites would enable 
estimation of the volume of respirable"sized material which in turn could contribute to a 
probabilistic risk assessment of the ash-fall hazard (e.g. Horwell & Baxter, 2006). 
Similarly, as discussed earlier, with further work it should be possible to develop a method 
for estimating the original mass or thickness of ash on a given site from cryptotephra 
concentrations in the sediment. It has long been recognised that the thickness of tephra 
layers is an important guide to potential hazards posed by individual eruptions but growing 
population concentrations at locations within reach of fine ash-fall events make it 
increasingly important to incorporate cryptotephra and sub-millimetre scale events in to 
ash dispersal and depositional models and in to hazards assessment generally. 
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A final example of the potential role of cryptotephra in hazards assessment arises from the 
developing notion that volcanoes in the Auckland Volcanic Field may have experienced 
multiple eruptions; including possibly small scale precursors to the main event(s). If true, 
there are considerable implications for volcanic planning in Auckland, which hitherto has 
assumed the A VF volcanic centres are essentially monogenetic. This study points the way 
to using cryptotephra to investigate these.possibilities further. 
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